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Abstract 
Selenium (Se) contaminated water derived from global industrial activities such as power 
generation, oil extraction and refining, coal and mineral mining, metal smelting, and agricultural 
irrigation can bioaccumulate in aquatic organisms and presents is toxic to many organisms, 
including humans. Se represents an extremely difficult contaminant to remove from wastewater 
due to its solubility, toxicity and state of matter over different oxidation states. At low 
concentrations, Se is an essential trace dietary element and consumed in foods and supplements. 
However, at higher concentrations Se becomes toxic, leading to selenosis in animals. Since the 
therapeutic window for Se is narrow, a slight increase in concentration can lead to toxic effects. 
Se exists naturally in inorganic forms, with selenite (SeO3
2-
) and selenate (SeO4
2-
) being the 
predominant species of interest due to their toxicity and solubility.  
The objective of this thesis research focuses on (1) evaluating photocatalytic treatment of 
Se-rich industrial wastewaters and (2) the development of catalyst materials to improve 
photocatalytic activity, selectivity and recoverability. The industrial wastewaters considered in this 
research are flue gas desulphurization wastewater (FGDW), mine-impacted water (MIW) and 
synthetic mine-impacted brine (SMIB). Photocatalysis reduction on TiO2 was found to effectively 
and selectively remove selenate in the presence of many dissolved species commonly found in 
industrial wastewater, providing a powerful alternative to conventional Se removal techniques. 
Catalyst materials were synthesized to improve both their activity and selectivity towards Se 
reduction products.     
This work demonstrates, for the first time, that photocatalysis using TiO2 can be effective 
at removing Se from raw flue gas desulphurization wastewater (FGDW), which is produced during 
the operation of coal-fired power plants. Selenate was reduced to less than 1 µg/L as Se in FGDW 
with concentrations of many competing co-existing ions exceeding 2,500x that of selenate. This 
work also uncovered the mechanisms of electron transfer through kinetic modelling, which have 
substantial impact on the understanding of photocatalytic reduction in a complex Se-TiO2 
photocatalytic system. The simultaneous generation of solid elemental selenium (Se
0
) and 
hydrogen selenide (H2Se) through two consecutive first-order reductions is reported under a direct 
Z-scheme photocatalyst arrangement between photodeposited Se and TiO2.  
In addition, the photocatalytic reduction on TiO2 was evaluated for selenate removal from 
mine-impacted water (MIW) and was shown to remove Se to less than 1 µg/L. In this study, we 
uncover a unique advantage of photocatalytic reduction of selenate in MIW, largely the ability to 
selectively reduce selenate from more than 500 µg/L to less than 1 µg/L. The significant Se 
decrease was observed in the presence of the more thermodynamically favourable electron 
acceptor, nitrate and at high concentrations of sulfate. Selective photocatalysis is highly desired in 
complex water sources that contain a variety of dissolved species in addition to the target species 
for efficient use of the UV energy supplied. The electron transfer mechanism proposed involves 




while both carbon dioxide radicals (!"#•	%) and Se conduction band electrons are considered 
responsible for the further reduction of Se
0
 to H2Se.  
The production of brine from MIW enables a reduction in water volume of 6-8 times, while 
increasing the concentration of target species in the water, such as selenate. As a result, the 
photocatalytic reduction of selenate in synthetic mine-impacted brine (SMIB) was also thoroughly 
investigated. Considering the two possibilities for Se reduction products (Se
0
(s) vs. H2Se(g)), the 
ability to control the generation of a particular product was explored during the photocatalytic 
reduction of selenate over TiO2 in SMIB. Photocatalytic reduction can effectively remove Se from 
an initial Se concentration of > 3,300 µg/L in SMIB to < 2 µg/L Se. An increase in solution 
temperature led to a marked increase in selenate removal kinetics and an increase in selectivity 
towards H2Se(g), while increasing the concentration of formic acid led to an increase in selenate 
removal kinetics and an increase in the selectivity towards Se
0
(s). A bivariate response surface 
analysis was used to present the selectivity of Se reduction product as high as 99% gaseous H2Se 
or > 85% solid Se
0
, under varying reaction conditions. Finally, a two-pronged electron transfer 
model is proposed to explain the selectivity towards Se
0
(s) vs. H2Se(g) under varying conditions: (i) 
Se
0
(s) is produced by direct reduction of selenate by TiO2 conduction band electrons and (ii) H2Se 
gas is produced by electrons transferred into Se
0
, followed by a reduction of Se
0
 to H2Se or through 
a direct reduction by !"#•	%.  
Finally, this approach provides flexibility towards the final state of Se after treatment, 
which allows for two different possible options of Se capture and recovery; direct solid Se capture 
from the catalyst and scrubbing processes to recover gaseous H2Se. A materials engineering 
approach was then implemented to achieve enhanced tunability towards desired Se reduction 
products. Heterogenous nanoscale photocatalysts were synthesized by depositing noble metal 
nanoparticles (Au, Ag, Pt and Pd) onto TiO2, which demonstrated work-function dependent 
bimodal selectivity of final products during the photocatalytic reduction of selenate to Se
0
 or H2Se. 
The Se-noble metal-TiO2 (Se-NM-TiO2) photocatalytic system is structured in a direct Z-scheme 
arrangement, when Au, Ag or Pt are used, allowing for high selectivity towards H2Se. In contrast, 
Pd acted as an electron sink which decreased the reducibility of the photogenerated electrons, 
ultimately causing a higher selectivity towards Se
0
. Au-TiO2 offers the largest H2Se selectivity of 
all catalysts tested, while Pd-TiO2 (highest work function) offers the highest selectivity to solid 
Se
0
 generation. This study elucidates electron transport mechanisms and Fermi level equilibration 
via quantized double-layer charging effects of the Se-NM-TiO2 system.  
Overall, this thesis advances the understanding of photocatalytic reduction of selenate in 
FGD, MIW and SMIB. It expands the knowledge of Se speciation during and after photocatalytic 
treatment and elucidates electron transfer mechanisms responsible for the two-stage reduction of 
selenate in impacted water. Photocatalytic treatment of Se in these complex waters provides a 
selective, chemical-reductant-free catalytic reduction process capable of removing Se to < 1 µg/L. 
This thesis advances the understanding of photocatalytic advanced reduction processes, primarily 
 vii 
towards the reduction of selenate and expands our current understanding of the complex Se-TiO2 
heterogeneous semiconducting photocatalyst system. Finally, the ability to selectively reduce 
selenate in complex industrial waters allows for the development of new wastewater treatment 
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1.1 Selenium as an environmental concern 
The bioaccumulation of selenium (Se) resulting from global industrial activities (i.e. coal 
and mineral mining, metal smelting, oil extraction and refining, and agricultural irrigation) in 
aquatic organisms is of great concern due to its toxicity. Se is an extremely difficult contaminant 
to remove from wastewater due to its solubility, toxicity, and state of matter over different 
oxidation states. Recently, the application of nanomaterials to remove Se from wastewater has 
received increasing interest from the power generation and industrial mining sectors. Several 
classes of nanomaterials such as nanoscale adsorbents, catalysts and reactants, have shown great 
potential to remove Se in a wide range of oxidation states. This review article provides a summary 
of current selenium removal technologies, highlights the gaps in these technologies and focuses 
on emerging nanomaterials capable of removing selenium oxyanions from wastewater to ultra-low 
*g/L limits. Recent literature has focused on the modification of different nanomaterials in order 
to achieve high surface adsorbing activity, high reactivity, selectivity and sustainability in efforts 
to remove selenium oxyanions. The majority of promising nanotechnologies for selenium removal 
are undergoing intense research and development in efforts to advance the technology to 
wastewater treatment markets.  These nanomaterials have the ability to remove selenium 
contaminants to previously unachievable ultra-low levels, while implementing reliable and 
sustainable treatment techniques. 
1.2 Background 
Selenium (Se), a recalcitrant environmental contaminant, has received global awareness 
and concern. Se is a naturally occurring non-metal in the Earth’s crust. In addition to natural 
causes, industrial activities such as coal and mineral mining, metal smelting, oil extraction and 
refining, and agricultural irrigation can cause concentrated releases of this otherwise trace element 
(Burau, 1985; Conde and Sanz Alaejos, 1997).  
The World Health Organization (WHO) currently holds a provisional guideline value of 
40 μgL
-1
 (ppb) as the maximum concentration limit (MCL) in drinking water (World Health 
Organization, 2011). The United States Environmental Protection Agency (U.S. EPA) published 
a MCL of 50 μgL
-1
 (ppb) as the national primary drinking water regulations and 5 μgL
-1
 (ppb) as 
the aquatic life chronic limit (U.S. EPA, 2014). Recently, stricter guidelines have been proposed 
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by the EPA water quality criteria for the protection of aquatic life: 1.2 μgL
-1
 (ppb) in lentic 
ecosystems (still freshwater) and 3.1 μgL
-1
 (ppb) in lotic ecosystems (flowing freshwater) (U.S. 
EPA and Office of Water, 2015). These new stringent guidelines have had ramifications on global 
industrial activities, requiring more robust and reliable selenium treatment technologies. 
Se exhibits four oxidation states (-II, 0, IV, VI) and varying its chemical form can 
drastically change the biological response (Christensen et al., 1989; Gissel-Nielsen et al., 1984). 
At low concentrations, Se is an essential trace dietary element in foods and supplements and exists 
in a variety of organic and inorganic forms. Organic forms include selenomethionine (animal and 
plant sources), selenocysteine (animal sources), while inorganic forms include selenate and 
selenite (mainly supplement sources) (Rayman, 2000). However, at high concentrations, Se 
becomes toxic, leading to selenosis in animals (Yang et al., 1983).  Since the therapeutic window 
for Se is narrow, a slight increase in concentration can lead to toxic effects (Conde and Sanz 
Alaejos, 1997; Papp et al., 2007; Rayman, 2000).  













) (Parida et al., 1997). Figure 1-1 
illustrates the various stable forms of inorganic selenium as a function of pH and redox potential 




 are the predominant 





 oxyanions are more toxic and more bioavailable than organic 
selenium species with selenite being the more toxic of the two (Pérez-Corona et al., 1997).  
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Figure 1-1. pE-pH diagram for Se-O-H system at 298 K (a) and S-O-H system at 298 K (b) for 
comparison. Figure adapted from Santos et al. (2015). 
Se removal from industrial wastewaters can be difficult and costly due to the combination 
of high volume (1000s of L/s) and dilute (ppm or ppb) contaminated streams. Various treatment 
methods can be applied for selenium removal, including but not limited to: chemical precipitation, 
adsorption, ion exchange, membrane filtration, chemical reduction and biological removal. Many 
of these technologies have been developed for full scale treatment of Se contamination 
(Frankenberger Jr. et al., 2004; Higgins et al., 2009; Mavrov et al., 2006; Nishimura et al., 2007; 
Twidwell et al., 1999). Each technology has its drawbacks and most conventional Se removal 
processes are incapable of producing treated streams with less than 5 μgL
-1
 (Santos et al., 2015). 
Recent advances in nanotechnology offer great potential for pollution prevention, 
treatment and remediation (Wei et al., 2011). Nanotechnology applied to Se promises selective 
removal from complex wastewater, reusable green adsorbents, increased active sites for selenium 
adsorption and reduction, increased catalytic activity and many more advantages.  
Here, this review aims to provide an overview of recent advances in nanotechnologies for 
selenium removal from industrial wastewater. Current selenium treatment technologies are 
discussed, followed by a summary of the gaps inherent in these technologies. The major 
nanomaterials applied for selenium removal are critically reviewed based on their performance, 
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sustainability and limitations. The obstacles constraining full scale implementation and the 
research challenges are also discussed. 
1.3 A summary of current technologies for selenium removal 
A variety of selenium removal technologies have been developed for use with industrial 
wastewater. Due to the various treatment applications it is challenging to identify the most 
effective treatment option for a particular case. Selenium removal can be achieved by physical, 
adsorptive, oxidative/reductive and biological techniques. Conventional wastewater treatments , 
such as lime neutralization, are ineffective since no insoluble hydroxides are formed (Lottermoser, 
2007). A comparison and summary of the current technologies for selenium removal can be found 
in Table 1-1. 
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Table 1-1. Comparison of current selenium removal techniques 
Current Selenium 
Removal Technology Key Features Advantages Limitations Reference 
Physical Removal Techniques 
Membrane (RO or NF) Pump Se contaminated water through 
membranes impermeable to Se oxyanions 
- Capable of removing Se to <5 
μg/L 
 
- High cost 
- Energy Intensive 
- Reject stream concentrated in Se 
(Richards et al., 
2011) 
Evaporation Ponds Evaporate water leaving Se impurities in solid 
phase 
- Lower cost if using solar 
energy 
- Climate dependant 
- Large footprint 
(Manning and Burau, 
1995) 
Adsorption Removal Techniques 
Ion Exchange Wastewater flows through granular chemicals 
(ion exchange resins) packed in a column 
- Renewable (>90%) exchange 
resins 
- Concentrates Se wastewater 
volume 
- Competing ions limit 
effectiveness 
- Further treatment required 
(Nishimura et al., 
2007) 
Ferrihydrite adsorption Addition of ferric salts alongside NaOH forms 
ferrihydrite; adsorbs selenite and co-
precipitates out of solution 
- US EPA best demonstrated 
available technology (BDAT) 
- Simple 
- Not proven Se <5 μg/L 
- Ineffective on Selenate 
(Balistrieri and Chao, 
1990; Higgins et al., 
2009) 
Activated Alumina Al(OH)3 is used as an adsorbent for selenium - Simple - Ineffective on Selenate (Ippolito et al., 2009) 
Oxidation/Reduction Removal Techniques 
ZVI ZVI acts as an electron donor to drive the 
reduction of selenium oxyanions 
- Simultaneous reduction of 
selenate and adsorption of 
selenite 
- Spent ZVI disposal 
- Competing oxyanions can 
reduce effectiveness 
(Yoon et al., 2015; 
Huang et al., 2013; 
Frankenberger Jr. et 
al., 2004) 
Galvanic Cementation Various metals are used to catalyze the ZVI 
reduction 
- Increased reduction of 
selenate 
- Higher cost when compared to 
ZVI 
(Y. Zhang et al., 
2005) 
Ferrous Hydroxide Iron(II) acts as an electron donor to drive the 
reduction of selenium oxyanions 
- US EPA best demonstrated 
available technology (BDAT) 
- Widely implemented 
- Not proven Se <5 μg/L 
- Large quantity of chemical waste 
(Twidwell et al., 
1999) 
Electrocoagulation A direct electrical current applied to an 
electrochemical cell produces iron(II) 
- Simultaneous heavy metals 
removal 
- Not proven Se <5 μg/L 
- Complex pre-treatment 
(Mavrov et al., 2006) 
Biological Removal Techniques 
Microbial Reduction Se-reducing bacteria use selenate and selenite 
as terminal electron acceptors during cellular 
respiration 
- Capable of removing Se to <5 
μg/L 
 
- Presence of nitrates increase 
carbon dosage (eg. methanol) 
- Intensive pre-treatment required 
(Staicu et al., 2015b; 




Bacteria/algae convert aqueous Se to volatile 
Se compounds in gaseous phase 
- Low costs 
- Can be applied in-situ  
- Seasonal 
- Subsequent treatment required  
- Not proven Se <5 μg/L 
(Sors et al., 2005; 
Souza et al., 1999) 
Phytoremediation Plant uptake and volatilization of Se through 
cellular pathways 
- Minimal operator supervision 
- Able to treat large volumes 
- Not proven Se <5 μg/L 
- Long residence time, large 
footprint 
(Gao et al., 2000; Lin 
and Terry, 2003) 
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1.3.1 Physical & mechanism removal techniques 
Membrane separation techniques can be employed to remove selenate and selenite from 
aqueous solution. Both selenium species have an approximate size of 3-4 angstrom (0.3-0.4 nm) 
and thus require very small pore size nanofiltration (NF) or reverse osmosis (RO) for successful 
removal. RO has shown superior performance and has been pilot- and field-tested to reduce Se 
levels below 5 μg/L with a 94% retention (Richards et al., 2011). The main limitation of membrane 
separation techniques is the high cost due to the required high operating pressures. 
Several evaporation techniques are available, including evaporation ponds, enhanced 
evaporation systems and evaporation/crystallization technologies. These evaporation systems 
require a large area, have comparably large residence times and risk contamination of groundwater 
and surrounding ecosystems (Manning and Burau, 1995). 
1.3.2 Adsorption removal techniques 
Ferrihydrite (iron (III) oxyhydroxide) adsorption of selenium has been identified as the 
Best Demonstrated Available Technology (BDAT) for selenium removal from industrial 
wastewater by the U.S. EPA (Rosengrant, 1990). Selenite is adsorbed more effectively than 
selenate, which is more strongly affected by the presence of sulfate, bicarbonate and other anionic 
species. The addition of ferric chloride with sodium hydroxide forms ferrihydrite and subsequently 
adsorbs selenite and co-precipitates from solution. This process can generate large volumes of 
sludge to be dewatered with the use of centrifuges, belt presses, or plate and frame presses (Higgins 
et al., 2009). The main disadvantages of this removal technique are the large quantities of chemical 
sludge generated that requires disposal, the large cost of ferric chloride and caustic or lime 
necessary to cause the co-precipitation,  the inability to remove selenate and the inability to remove 
selenium to low μg/L (<5 μg/L) (Balistrieri and Chao, 1990). Iron oxides such as magnetite, 
hematite and goethite are examples of natural formed mineral media that adsorb selenite via an 
inner-sphere bidentate surface complex (two covalent bonds) and selenate via an outer-sphere 
hydrated complex (electrostatic interaction) (Rovira et al., 2008).  
Ion exchange is a versatile physicochemical method for wastewater treatment. During 
treatment, SeO42- and SeO32- in the aqueous phase are exchanged for desired ions (i.e. Cl-, SO42-, 
PO43-, etc.) as the wastewater flows through a bed of ion exchange resins packed in a column. 
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Conventional adsorbents used for selenium removal fall under one of the following categories: 
organic resins, minerals, oxides, and carbon-based bio-adsorbents (Santos et al., 2015). 
Selenate successfully removed by polyamine-type weakly basic ion exchange resins over 
a wide pH range of 3 to 12, while selenite is optimally treated at pH 10 (Nishimura et al., 2007). 
An important factor when considering IX methods is the effect of competing ions in solution to 
the adsorptive capacity of selenium. Polyamine-type weakly basic ion exchange resins are strongly 
affected by the presence of sulfate, to the extent of reducing the selenate removal by 50% 
(Nishimura et al., 2007). 
Activated alumina (AA) or aluminum hydroxide is used as an adsorbent for selenium. AA 
is a porous aluminum oxide which has a high adsorptive capacity due to its surface area. Unlike 
activated carbon, which does not adsorb selenium very well, activated alumina has been used for 
selenium removal. The application of aluminum salts in a selenium removal system operates very 
similar to that of a ferrihydrite co-precipitation system (Ippolito et al., 2009). 
1.3.3 Oxidation/reduction removal techniques 
Se can be successfully removed from aqueous solution through chemical reduction to 
elemental Se0 and solid metal selenides. Chemical reduction of selenate and selenite has been 
achieved through the use of zero valent iron, more commonly known as elemental iron. 
Zero valent iron (ZVI) can be used as a reductant for selenate and selenite. The iron acts as 
both a catalyst and an electron donor for the reduction reaction (Frankenberger Jr. et al., 2004). 
The ZVI surface is oxidized and provides both ferrous and ferric iron adsorption sites for the 
selenium oxyanions. This iron surface complex is known as green rust, which is the form of ZVI 
required to chemically reduce both selenate and selenite to elemental selenium (Myneni et al., 
1997). Selenate, the more recalcitrant of the two species, is reduced to selenite by green rust which 
in turn is either reduced further to elemental selenium or adsorbed to the ferrihydrite amorphous 
solids formed through the redox reaction with ZVI. Elemental iron can be deployed in an active or 
passive treatment and has been implemented in passive reactive barriers (PRBs) for selenate 
removal (Morrison et al., 2002). Recent advancements in active treatment have found many ways 
to enhance reactivity. Liang et al. investigated the significant enhancement of selenite removal in 
the presence of a weak magnetic field allowing for comparable removal at neutral conditions 
  Chapter 1 
 9 
(Liang et al., 2014). Elemental iron is also able to directly remove selenocyanate (SeCN-), an 
ambidentate ligand that can coordinate to Fe0 directly. Previously, this was a two-step process 
involving chemical oxidation of SeCN- to Se(IV) followed by the co-precipitation with a ferric 
coagulant (Meng et al., 2002). Some disadvantages of the used ZVI, include significant production 
of waste from spent ZVI and non-specific interaction with competing oxyanions that can oxidize 
ZVI (Huang et al., 2013; Yoon et al., 2015). The addition of certain metal catalysts and nanoscale 
ZVI can improve reactivity and reduce the overall waste generation. Nanoscale ZVI treatment will 
be discussed in detail in a later section. 
Catalyzed reduction (galvanic cementation) utilizes copper or nickel to improve ZVI 
reactivity. The copper and nickel act as catalysts, that generate a greater electrochemical potential 
between the elemental iron and selenium oxyanions (Y. Zhang et al., 2005). The addition of copper 
to ZVI has shown to double the reduction rate of selenate at a neutral pH, compared to non-
catalyzed ZVI treatment. Similarly, coupling ZVI with nickel increased the selenate reduction rate 
by a factor of nearly 25 (in the presence of 2 mg/L selenium at neutral pH) (Huang et al., 2013; 
NSMP Working Group, 2007). 
Ferrous hydroxide is capable of reducing selenate to selenite, followed by subsequent 
ferrihydrite adsorption, at pH 8-9 (Twidwell et al., 1999). Unfortunately, ferrous hydroxide is also 
capable of reducing selenium species to toxic hydrogen selenide gas. Similar disadvantages as 
ferrihydrite adsorption are encountered with this technique, as previously discussed. 
Electrocoagulation (EC) is another technique used to remove selenium from wastewater. 
A direct electrical current applied to an electrochemical cell produces ferrous iron from oxidation 
of the iron anode. The ferrous has excellent adsorption and co-precipitation properties for selenium 
oxyanions and can remove up to 98.7% (Mavrov et al., 2006). The application of EC for separation 
of colloidal biogenic selenium has shown up to 93% removal (Staicu et al., 2015b).  However, EC 
has not shown promise at reducing selenium concentrations to the recent strict guidelines of 1-5 
μg/L. 
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1.3.4 Biological removal techniques 
Selenium can be removed from industrial wastewaters by biological methods. Microbial 
reduction, microbial and fungal volatilization and phytoremediation are the major biological 
approaches to remove selenium from industrial wastewater. 
Microbial reduction is the leading method for biologically removing selenium from an 
aqueous medium. Selenium-reducing bacteria use selenate and selenite as terminal electron 
acceptors during cellular respiration and are able to operate under many different environments: 
methanogenic, sulfate-reducing, denitrifying and hydrogenotrophic conditions (Yarlagadda V. 
Nancharaiah and Lens, 2015). The soluble and toxic selenate and selenite are reduced to insoluble 
elemental selenium through biomineralization mechanisms. Biogenic selenium, now insoluble, 
must then be removed from aqueous medium. Due to its surface charge and nanometer size, 
colloidal properties of biogenic selenium, make its removal from liquid phase difficult (Staicu et 
al., 2015b). Recently, many have studied the nature of biogenic selenium synthesized by complex 
microbial populations (Husen and Siddiqi, 2014; Jain et al., 2015; Oremland et al., 2004; Staicu et 
al., 2015b). Extracellular polymeric substances (EPS) on the surface of biogenic selenium are the 
main detriment of its colloidal properties and the cause of the difficulties in solid/liquid separation. 
Colloidal stability caused by the EPS adds to the challenge of attaining ultra-low selenium 
guidelines. 
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Figure 1-2. Schematic representation of the removal of selenite and growth of elemental 
selenium to form BioSeNPs. Figure adapted from Jain et al. (2015).  
Another challenge faced by selenate-respiring bacteria is due to the fundamental 
thermodynamics of reduction potential. Based on comparison of calculated free energies, assuming 
H2 is the electron donor, the reduction of SeO42- to SeO32- will occur only after the reductions of 
O2 to H2O and NO3- to N2 (denitrification) since they have a higher reduction potential and 
therefore are more thermodynamically favored (Stolz and Oremland, 1999). As a result, an 
anaerobic and nitrate free environment is optimal for successful selenium removal. This may 
require a pre-treatment step or concurrent treatment for nitrate removal by the biological 
population. 
Microbial fuel cells (MFCs) have been used to remove selenite from wastewater, 
simultaneously generating electricity and removing selenium in a single-chamber MFC. MFCs can 
use microbes to oxidize organic substrates, reduce selenite to elemental selenium and generate 
electricity. A removal level of 99% of Se was achieved from feed streams containing 50 and 200 
mg L-1 Se demonstrate the potential of using MFC technology for Se removal from wastewater 
(Catal et al., 2009). This technology is in early stages of development and much work must be 
done to realize this potential. 
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Microbial selenium volatilization is another method of selenium removal from 
wastewaters. Many strains of bacteria (i.e. pseudomonas stutzeri NT-I (Kagami et al., 2013; 
Kuroda et al., 2011)) are able to aerobically convert SeO42-, SeO32- and Se0 into (CH3)2Se2 and 
(CH3)2Se which are gaseous Se compounds (Sors et al., 2005). An advantage to volatilizing 
selenium is the potential to recapture the selenium for sustainable utilization. However, this 
method has its disadvantages as well: sensitivities to incoming environmental conditions (pH, 
temperature, inhibitor species, etc.), excess nutrition demands of biological population, longer 
start-up and down-times. (Souza et al., 1999).   
Phytoremediation for selenium removal is another remediation technique. Constructed 
wetlands that make use of phytoremediation of selenium are a common passive method of removal. 
Phytoremediation of selenium involves plant uptake and volatilization through cellular pathways 
similar to microbial volatilization (Lin and Terry, 2003). Although significant removal of selenium 
(both selenate and selenite) has been shown, establishment of a wetland can take up to two years 
for complete remediation availability (Gao et al., 2000). Phytoremediation requires a significant 
investment in long-term passive treatment and is not a viable option for most industrial wastewater 
applications. Fungal systems have shown similar effectiveness for selenium removal in low pH 
wastewaters (Espinosa-Ortiz et al., 2015). 
At first glance, biological remediation techniques appear to be most promising due to 
comparably low capital and operating costs, low chemical usage and ability to reduce selenium 
concentration to below 5 ppb. However, biological treatment requires pH and temperature 
adjustments in order to operate optimally, post-treatment to remove biological oxygen demand 
(BOD), a carbon and nutrient source, an extended start-up, trouble shoot time and long periods of 
time for start-up to acclimate the seed biological population and can be very site sensitive 
(Yarlagadda V. Nancharaiah and Lens, 2015; Santos et al., 2015). 
1.4 Gaps in current Se removal technology 
Although reliable, physical-mechanical removal techniques such as membrane 
nanofiltration and reverse osmosis are energy- and cost-intensive. The best demonstrated available 
technology (BDAT) advised by the US EPA is ferrous hydroxide reduction of selenate to selenite 
followed by co-precipitation with ferrihydrite although comes at a high cost of chemical use and 
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chemical sludge disposal. These reliable yet expensive techniques are no longer sustainable for 
removal of selenium below 5 ppb. Thus, it is important to develop a selective, robust and reliable 
technique to remove selenium to <1-3 ppb from large volumes of wastewater containing relatively 
low concentrations (1-15 ppm) of selenium.  
A number of technologies (i.e. biological reduction, ferrous hydroxide reduction, iron co-
precipitation, ZVI reduction, etc.) have been applied on a full scale for selenium removal from 
industrial wastewater. Although biological removal technologies have their advantages, 
substantial obstacles remain when trying to meet the recent stringent guidelines imposed by the 
U.S. EPA. Competition with co-contaminants (i.e. NO3-, O2, metals and other competing electron 
acceptors), addition of a carbon source and nutrients, need for pH and temperature adjustment that 
consumes chemicals and energy, and the colloidal nature of the biomineralized selenium 
nanoparticles requiring advanced post-treatment separation. Thus, a need exists for research into 
the assessment of recovered selenium from wastewater for reuse in other industrial applications.  
Reduction removal techniques including catalyzed ZVI and reduction/adsorption removal 
techniques using metal oxides have shown promise in removing selenium from wastewater and 
are being developed. Both adsorption and redox techniques are highly dependent on the surface 
properties and surface area which provide the solid/liquid interface for chemical interaction. Two 
main limiting factors in the removal of selenium are: selectivity of selenium oxyanions relative to 
competing anions and the quantity of active sites for either adsorption or reduction. In order to 
increase selenium removal efficiency, both the selectivity and the quantity of active sites must be 
increased. 
1.5 Developing and prospective applications of nanotechnology for Se removal 
Nanomaterials have advantageous properties including high surface area and activity as 
well as increased selectivity to selenium oxyanions, resulting in increased selenium removal from 
wastewater. Nanomaterials are defined as materials smaller than 100 nm in at least one dimension. 
At the nanoscale, materials possess unique size-dependent properties, many of which can be 
applied to selenium removal from wastewater. These novel attributes make nanomaterials 
excellent adsorbents, catalysts and reductants. The most significant properties of these particles 
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are small size, large surface area, high reactivity, great catalytic potential and large number of 
active sites (Ali, 2012) for removal of selenium oxyanions.  
Several emerging nanotechnologies applied to selenium removal from industrial 
wastewater are discussed in this section. The two main techniques for removal reported herein are 
either adsorption (non-destructive) or reduction (destructive). A summary and comparison of the 
nano-adsorbents can be found in Table 1-2.
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Table 1-2. Comparison of adsorption capacities (Qm) reported in literature for Se(IV) & Se(VI) using nanomaterials 
Nano Adsorbent Material Se species 








Ligand Immobilized Nanocomposites (LINs) 
DSDH immobilized on mesoporous silica Se(IV) 1-80 0.5 2.5 - 111.12 (Awual et al., 2015b) 
MBHB immobilized on mesoporous silica Se(IV) 1-80 0.5 2.5 - 93.56 (Awual et al., 2015a) 
HMBA immobilized on mesoporous silica Se(IV) 1-80 0.5 2.5 - 103.73 (Awual et al., 2014) 
Nanomaterial Metal Oxides 
Nanocrystalline Al oxide impregnated chitosan Se(IV) & Se(VI) 1 1.75 6.8 298 4.0, 4.0 (Yamani et al., 2014) 
Nano- MnFe2O4 Se(IV) & Se(VI) 0.25-10 2.5 2-6 RT 6.6, 0.8 (Gonzalez et al., 2010) 
Nano- CuFe2O4 Se(IV) & Se(VI) 1-25 0.4 7.4 298 ± 1  14.1, 5.97 (Sun et al., 2015) 
Nano-magnetite Se(IV) 0.1-1 0.1 6 298 6.0 (Wei et al., 2011) 
Mn3O4 Nanomaterial Se(IV) & Se(VI) 0.25-10 2.5 2-6 RT 1.0, 0.9 (Gonzalez et al., 2011) 
Fe-Mn Binary Oxide Se(IV) & Se(VI) 5-500 2 4 295 ± 1 41.02, 19.84 (Szlachta and Chubar, 2013) 
Nano-Anatase (n-TiO2) Se(IV) 30 5 5 293 7.0 (Zhang et al., 2009) 
Nano-Anatase Colloid (n-TiO2) Se(IV) 0.1-1.5 2 6-7 RT 25 (Fu et al., 2012) 
n-TiO2 impregnated MWCNTs Se(IV) 1 - 1-4 RT 55.56 (Bakather and Atieh, 2015) 
Nanomaterial Graphene Oxides 
Magnetic Nanoparticle-Graphene Oxide (MGO) Se(IV) & Se(VI) 5 1 7 RT 4.99, 2.97 (Fu et al., 2014) 
Layered Double Hydroxides (LDHs) 
Mg-Al-CO3 LDH (alkoxide-free synthesis) Se(IV) & Se(VI) 250 2 7 295 ± 2 120, 45 (Chubar, 2014) 
Calcined Mg/Fe HTIc Se(IV) 50 1 6 303 33 (Das et al., 2007) 
Mg/Fe HTIc Se(IV) 50 1 6 303 25 (Das et al., 2002) 
Mg-Al-CO3 LDH (Low Se Conc.) Se(IV) & Se(VI) 0.02-0.05 - 7 298 0.045, 0.045 (Yang et al., 2005) 
Mg-Al-Cl LDH (High Se Conc.) Se(IV) 500-1,000† - 9 298 178 (You et al., 2001) 
Chitosan-montmorillonite Se(VI) 22 0.5 7 - 8.0 (Bleiman and Mishael, 2010) 
§Adsorptive capacities are highly dependent on starting conditions (pH, initial concentration, etc.). It is important to consider this when comparing two adsorption 
technologies. † Equilibrium concentration during adsorption 
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1.5.1 Distinct advantages of nanomaterials for Se removal  
The use of nanomaterials has significant advantages for the field of wastewater treatment, 
in particular selenium removal from industrial wastewater. Several different nanophenomena 
enable nanoscale adsorbents, catalysts and reductants to outperform their micro and macro scale 
counterparts. These nanomaterials have the ability to remove selenium contaminants to previously 
unachievable ultra-low levels, all the while implementing sustainable methods. The high surface 
adsorption activity, reactivity, selectivity and sustainable treatment capability are the four major 
factors underlying selenium removal from wastewater.  
High surface adsorption activity - High surface area is a major factor for multi-phase 
interface reactions, such as a liquid/solid adsorption processes. All the nanotechnologies described 
herein have larger adsorption capacities due to the increased surface area provided by nanoscale 
structures. Nanocrystalline metal oxides such as iron oxide, titanium dioxide and manganese oxide 
have been shown to outperform their macro-scale counterparts in terms of the adsorption capacities 
for selenium oxyanions (Jordan et al., 2013; Sun et al., 2015; Wei et al., 2011; Zhang et al., 2009). 
High catalytic and redox reactivity - The ability to functionalize nano-surfaces is one 
reason for their high reactive rates. Functionalization of metal oxide nano-surfaces is common to 
increase reactivity of nanoparticles (Wu et al., 2008). Synthesized iron oxide nanoparticles are able 
to increase selenium sorption efficiently due to the increased surface area and functionalized 
surfaces (Gui et al., 2015). Both nZVI and nTiO2 have the ability to reduce and adsorb selenium 
oxyanions. nZVI has been shown to reduce selenite about three times faster than micro-scale ZVI 
(Ling et al., 2015). This nano-reductant is widely recognized as a superior particle for many 
environmental remediation applications due to its reactivity, mobility and paramagnetic properties.  
Selectivity - The ability to selectively remove selenate and selenite from industrial 
wastewater in the presence of a variety of co-contaminants is a desirable and essential treatment 
feature. Commonly, selenium-contaminated wastewaters also contain nitrates, phosphates, 
sulphates, salts, heavy metals and many other anionic species which compete for the active 
adsorption or reduction sites of the selenium removal treatment system. The main advantage of 
nanotechnology over conventional selenium removal techniques involves the superior selectivity 
of nanomaterials to form complexes with selenium oxyanions in wastewater. 
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Several researchers have developed nanomaterials capable of selectively removing selenite 
and selenate in the presence of many co-contaminants. The ability to selectively adsorb SeO32- is 
a result of inner sphere complexation (covalent bond formation) with the nano-adsorbent material 
(Chubar, 2014). Ligand immobilized nanocomposites, such as Mg-Fe-CO3 layered double 
hydroxide (LDH)-coated cellulose fibers and commercially available ion exchange resin 
impregnated with ferric oxide nanoparticles exhibited selectivity towards selenite in the presence 
of the commonly encountered anionic species (Awual et al., 2015b; Chen and An, 2012; Pan et 
al., 2010). 3-(2-aminoethylamino) propyltrimethoxysilane (AAPTS) immobilized onto multi-wall 
carbon nanotubes demonstrated selectivity towards selenate (along with As(V) and Cr(VI)) in the 
presence of other anionic species (Peng et al., 2015). 
Sustainable treatment capability – Sustainable treatments use little energy and consume a 
small amount of reagents in the interest of designing an environmentally and economically 
sustainable treatment process. Sustainable treatment systems can be implemented utilizing 
nanomaterials such as nTiO2 to remove selenium oxyanions with minimal wastewater processing 
equipment. Nanocrystalline TiO2 photocatalytically reduces of selenium oxyanions to elemental 
selenium (Nu Hoai Nguyen et al., 2005). The use of a nano-catalyst allows for recycling of the 
nanomaterial as it is not consumed in the redox reaction itself. The recycling of nanomaterials is 
an important step in designing a full-scale wastewater treatment system. Nanomaterials require 
lower contact time (1-15 min) (Ali, 2012), lower dose (in μgL-1) and are more effective at removing 
selenium oxyanions to microgram level limits (total Se <5 μgL-1) than conventional adsorbents 
and catalysts. 
1.5.2 Ligand immobilized nanocomposites (LINs) 
Ligand immobilized nanocomposites (LINs) are developed by immobilizing ligands such 
as Schiff base ligands on a nanostructure to support the capture of selenium oxyanions. Schiff base 
ligands are selective complexing agents towards heavy transition metal ions and group 16 
oxyanions, in particular selenite. They have the general structure R2C=NR’ (R’≠H). The imine 
nitrogen in the ligand is basic and demonstrates pi-acceptor and sigma-donor properties. This 
enables the ligand to form complexes with Se(IV) and with transition metals (Awual et al., 2014). 
Awual et al. have combined ligands with varying adsorption capacities into one adsorbent. 
All of these ligands have a common property: ability to selectively remove selenite from 
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wastewater in the presence of competing ions(Awual et al., 2015b, 2015a, 2014). The ligands are 
listed as follows: 
a) (3-(3-(methoxycarbonyl)benzylidene)hydrazinyl) benzoic acid (MBHB) ligand, 
b) 6-((2-(2-hydroxy-1naphthoyl)hydrazono)methyl) benzoic acid (HMBA) ligand, 
c) N,N-di(3-carboxysalicylidene)-3,4-diamino-5-hydroxypyrazole (DSDH) ligand.  
The ligands are immobilized onto a mesoporous silica substrate, similar to the fabrication of self-
assembled monolayers on mesoporous supports (SAMMS). The presence of competing anions and 
cations did not hinder selenite adsorption since competing ions exhibited almost zero sorption 
capacity on the nanocomposite, suggesting high selectivity for selenium(IV) ions (Awual et al., 
2015a). This is a very attractive property because most adsorption techniques are carried out in the 
presence of competing ions in real wastewater. Another main advantage of this adsorbent is its 
reusability. In order to counteract their high cost recyclability is crucial for feasible 
implementation. A simple wash with a high pH solution desorbs the selenium compounds from 
the adsorbent. 
One disadvantage of LINs is the requirement of a very low pH (optimal performance at pH 
2.5) which makes this process hard to implement on a large scale. Below the isoelectric point, the 
adsorbent surface is positively charged which enhances electrostatic interaction with selenate 
(Awual et al., 2015b). Costs will also go up substantially due to the need to neutralize the 
wastewater. 
A similar LIN was prepared by immobilizing 3-(2-aminoethylamino)-
propyltrimethoxysilane (AAPTS) onto multi-wall carbon nanotubes (MWCNTs). This adsorbent 
selectively extracts As(V), Cr(VI) and Se(VI) at low pH values (Peng et al., 2015). Very few 
selective adsorbents target selenate, which makes this nano-adsorbent attractive. MWCNTs are 
currently used for detection, sensing and speciation of selenium in wastewater at a relatively small 
laboratory scale. 
Further research is required in order to test the responsiveness of LINs at higher flow rates, 
carry out economic feasibility studies for scale-up and conduct environmental tests to determine 
behaviour at neutral pH, differing salinity, differing temperature, etc. Nevertheless, the ability to 
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selectively adsorb selenium (VI) and (IV) is a large step towards a more realistic and cost-effective 
adsorbent. 
1.5.3 Nanocrystalline metal oxides 
The development of nanocrystalline metal oxides (NMOs) over the past few years with 
higher adsorption capacity, have enhanced the capability of adsorption technologies for selenium 
removal from wastewater. NMOs have a higher surface area and an increased number of active 
adsorption sites. Several NMOs have been thoroughly characterized as highly ordered chemical 
structures. NMO forms of aluminum, titanium, manganese and iron oxides have all been used as 
effective adsorbents for selenite and selenate.  
While the increased adsorption efficiencies of NMOs are attractive, the problem of 
expensive separation after use exists. Due to high energy filtration or centrifugation required for 
separation of the NMOs, regeneration costs can escalate quickly. As a result, many researchers 
have been looking into immobilization techniques to achieve the NMO’s increased adsorption 
capacity without the increased costs of separation for regeneration and reuse.  
1.5.3.1 Iron oxide 
Possibly the most common NMO used for selenium removal by adsorption is iron oxide 
and iron oxide modified materials. Synthesized nanostructured iron oxide particles are able to 
increase this sorption efficiently due to increased surface area and functionalized surfaces. 
Naturally occurring iron oxide minerals have a great effectiveness as adsorbents for selenium 
species. The sorption of both selenite and selenate by different iron oxide nanoparticles (goethite, 
ferrihydrite, magnetite) has been shown to be effective. Selenate adsorbs onto the surface of 
maghemite via bidentate outer-sphere complex was shown in Figure 3 (Jordan et al., 2013). 
Selenite adsorbs onto the surface of iron oxides via much stronger inner-sphere complexes and as 
a result adsorbs to a much higher extent (Fu et al., 2014). The design of adsorbents with high 
removal capacity for both selenate and selenite is technically challenging due to these two separate 
adsorption mechanisms. 
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Figure 1-3. Schematic of SeO42- surface species. Aqueous species (A), outer-sphere complex as 
derived for maghemite surfaces (B) and extended outer-sphere complex as derived for anatase 
surfaces (C). Figure adapted from Jordan et al. (2013).  
Nano-magnetite has been widely used in the removal of various contaminants and is a low-
cost nano-adsorbent alternative. Nano-magnetite was found to be a better adsorbent for selenite 
compared to nZVI, which is a better adsorbent for selenate (Wei et al., 2011). Gonzalez et al. 
investigated producing iron(III) oxide nanoparticles by microwave-assisted synthetic techniques 
and found the technique produced a superior adsorbent nanoparticle for both selenate and selenite 
(Gonzalez et al., 2012). 
A hybrid adsorbent produced by impregnating hydrated ferric oxide nanoparticles with a 
commercially available anion-exchange resin (D-201) improved sorption selectivity towards 
selenite. The study proved to remove selenite from 2 mg/L to less than 0.01 mg/L even in the 
presence of the commonly encountered anions (Pan et al., 2010). 
Research developments focused on the design of a recoverable adsorbent are very 
important when considering the fate of nano-adsorbents for selenium removal. Zelmanov and 
Semiat designed ferric oxide/hydroxide nanoparticles to adsorb selenium, achieving residual 
selenium concentrations less than 10 ppb while maintaining at least 95%-98% regeneration 
efficiency of the selenium with the nano adsorbent (Zelmanov and Semiat, 2013). They developed 
a process to recover the adsorbent material for reuse via membrane filtration and produce a highly 
concentrated selenium solution. Selenium recovery from wastewater is desirable to offset 
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treatment costs and enable the reuse of a valuable rare element. Potential industries interested in 
the reuse of selenium range from dietary supplements and fertilizers to electronics, photovoltaics 
and imaging (Yarlagadda V. Nancharaiah and Lens, 2015). 
1.5.3.2 Titanium dioxide 
A remarkable amount of research effort has been dedicated to the study of nanocrystalline 
titanium dioxide (n-TiO2) in past years. The application of n-TiO2 for both selenite and selenate 
adsorption is one of the fields advanced by this large research initiative. Zhang et al. have shown 
that n-TiO2 removes selenite and selenate, but is far less effective at removing selenate via 
adsorption (Zhang et al., 2009). Photocatalytic activity is an added benefit of n-TiO2 which is able 
to reduce selenate to selenite in order to effectively remove both soluble contaminants. Some 
treatment options utilize n-TiO2 for its reduction capabilities under the exposure to UV light and 
an electron hole scavenger as a result.  
Sorption of selenite onto n-TiO2 from aqueous solution is comparatively fast and effective, 
reaching equilibrium within 5.0 minutes (Zhang et al., 2009). This quick equilibrium is crucial to 
a successful treatment alternative for full scale applications. TiO2 in the anatase form was found 
to be more effective than rutile for adsorbing selenite. The weak sorption behavior of selenate 
onto anatase is due to low affinity of selenate toward the mineral surface (Jordan et al., 2011).  
Colloids of n-TiO2 show increased adsorption capacity although the problem to retain and 
recycle the n-TiO2 exists and is a major logistical issue. Many attempts have been made to 
immobilize n-TiO2 in a way which does not reduce the selenite adsorption capacity. One 
researcher claims to have increased the adsorption capacity of nano-anatase while immobilizing 
it onto a nano-structure. Titanium-impregnated multi-walled carbon nanotubes (MWCNTs) can 
remove selenite from wastewater streams at higher capacities than nano-anatase (Bakather and 
Atieh, 2015). 
As discussed, selenate foes not readily adsorb onto n-TiO2 due to its low affinity to mineral 
surfaces. The reduction of selenate to selenite can be achieved by photoreduction on the surface 
of nano-anatase in the presence of an electron hole scavenger, such as formic acid. Figure 1-4 
illustrates the photocatalytic mechanism for selenate reduction. Yang et al. have shown that 
selenate can be effectively removed this way (W. Yang et al., 2013).  
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Figure 1-4. Schematic of Se6+ and Se4+ photoreduction by TiO2 mechanism using formic acid as 
an electron hole scavenger. 
The effect of different organic electron hole scavengers on the photocatalytic reduction of 
selenite and selenate was studied by Tan et al. The research team found that photoreduction of 
selenium anions occurred only in the presence of formic acid, methanol and ethanol (T.T.Y. Tan 
et al., 2003a). Photocatalytic reactions are initiated by photogenerated holes (h+) and electrons (e-
) when the TiO2 photocatalyst is illuminated by UV light. Previously, the team had investigated  
the effect of Ag-loaded TiO2 on the photocatalytic reduction of selenate. When unmodified TiO2 
photocatalyst was used, the elemental selenium formed from the reduction of selenate was further 
reduced to selenide in the form of H2Se upon the exhaustion of selenate in solution. The modified 
Ag-TiO2 photocatalyst produced H2Se simultaneously with the reduction of selenate (T.T.Y. Tan 
et al., 2003c). The simultaneous reduction of selenate to hydrogen selenide gas can be attributed 
to the electron transfer across the p-n junctions formed by the p-type Se and n-type TiO2 
semiconductors (Tan et al., 2002). Tan et al. demonstrated that unmodified TiO2 does not generate 
hydrogen selenide gas directly but only upon the exhaustion of selenate in solution. This 
information can be used to understand and control the production of toxic hydrogen selenide gas 
during the reduction and removal of selenate in wastewater. Selenium oxyanion reduction has 
been used in parallel with adsorption mechanisms of selenite to remove selenium contaminants 
and has been used to photoreduce both selenate and selenite to elemental selenium (Nu Hoai 
Nguyen et al., 2005). In this research, Nu Hoai Nguyen et al. found that Millennium PC500 
outperformed both Degussa P25 and Millenium PC25 & PC50 (all commercially available 
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nanocrystalline TiO2). The degree of reduction can be difficult to control, so that a portion of the 
selenium can be reduced below elemental selenium to form selenide or hydrogen selenide gas 
(H2Se), which are extremely toxic species. 
Other photocatalysts, such as zirconia mixed titania (TiZr), showed higher photocatalytic 
activity than standard n-TiO2 during the reduction of selenite to elemental selenium (Aman et al., 
2011). Many known modifications to titanium photocatalysts can be made to further improve  
selenium oxyanion reduction. 
1.5.3.3 Aluminum oxide 
Nanocrystalline aluminum (III) oxide or alumina has the ability to adsorb selenium 
oxyanions. Yamani et al. successfully developed nanocrystalline aluminum oxide-impregnated 
chitosan beads (AICB) as an adsorbent for both selenite and selenate. The chitosan beads provide 
a hydrogel matrix for the aluminum oxide to interact with water without dissolving. In addition, 
chitosan exhibits weak selenium adsorption to complement the aluminum oxide adsorption sites 
(Yamani et al., 2014). Yamani et al. also showed that nanocrystalline titanium dioxide-
impregnated chitosan beads adsorb selenium in the same manner, although to a lesser extent. As 
with many other adsorption techniques, the presence of competing ions (such as sulphate and 
phosphate) hinders the adsorption capacity of the AICB due to the non-selective adsorption of 
anions by aluminum oxide. 
Aluminum can modify the surface of SiO2 in a binary oxide system (Al(III)/SiO2) 
enhancing the oxyanion adsorption capacity and making the overall surface charge more positive. 
This unique feature can be successfully applied to selenium oxyanion removal. Selenite forms 
bidentate inner-sphere complexes (two covalent bonds) with Al(III)/SiO2 achieving adsorption 
capacities for selenite and selenate of 32.7 and 11.3 mg/g, respectively (Chan et al., 2009).  
1.5.3.4 Manganese iron oxide 
Manganese iron oxide (MnFe2O4 – a.k.a. jacobsite) nanoparticles prepared through 
hydrothermal methods show excellent adsorption capacity towards selenium oxyanions. Nano- 
MnFe2O4 has been shown to have a higher adsorption capacity for selenium oxyanions than 
naturally occurring magnetite (Gonzalez et al., 2010). The removal of selenate or selenite is pH 
independent between pH 2 to 6 and occurs within five minutes of contact time. The presence of 
competitive ions Cl- and NO3- had no significant effect, whereas, SO42- and PO43- competed with 
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the selenium ions. The same research team later looked into the adsorption of selenium oxyanions 
on engineered manganese oxide (Mn3O4) nanomaterials which was found to have similar 
adsorption capacities toward selenate, but a reduced adsorption capacities towards selenite by a 
factor of six (Gonzalez et al., 2011).  
Recently, another research team followed up on this research by measuring the effect of 
cobalt and copper in the place of manganese in the nanoparticles. Sun et al. found that the 
adsorption capacity of selenite and selenate followed the trend CuFe2O4 > CoFe2O4 >> MnFe2O4, 
which is consistent with the order of hydroxyl group content and surface charge on the bimetal 
oxide (Sun et al., 2015). The research team found the replacement of copper for manganese 
increased the Langmuir maximum adsorption capacity from 6.6 mg/g and 0.8 mg/g to 14.1 mg/g 
and 5.97 mg/g for selenite and selenate, respectively (Sun et al., 2015). Similar adsorption 
mechanisms were observed with selenite and selenate forming inner- and outer- sphere 
complexes, respectively. In the same way, Szlachta, et al. showed that Fe-Mn hydrous oxides have 
a high selenite adsorptive capacity with a maximum of 41.02 mg/g at pH 4 (Szlachta and Chubar, 
2013). 
1.5.4 Nanoscale zero valent iron (nZVI) 
Research in the uses of nanoscale zero-valent iron (nZVI) for environmental remediation 
techniques has proven to be a popular topic for metal and organic removal from groundwater. 
nZVI is an efficient method for selenite and selenate removal from wastewater. Selenium 
oxyanions are reduced by nZVI through the same mechanisms described previously for micro-
ZVI, but with a threefold increase in removal rate due to the higher surface area and more active 
sites (Ling et al., 2015). See Figure 1-5 for a conceptual model on the reduction of selenite on 
nZVI. nZVI also exhibits higher removal rates than nanoscale iron oxides (Fe(OH)3), nanoscale 
TiO2, and activated alumina.  
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Figure 1-5. A conceptual model of the reactions of Se(IV) in core-shell structured nanoscale 
zero-valent iron. Figure reprinted with permission from Ling et al. (2015). 
The ability of nZVI to both reduce and adsorb selenium occurs because of the oxidation of 
the elemental iron on the outer surface forming “green rust”. The redox reaction oxidizes Fe0 to 
Fe(II) and Fe(III) and reduces Se (VI) and Se(IV) to Se0 and Se (-II). Se(IV) adsorbs on the iron 
oxide outer surface of the particle and is then reduced to Se(-II) and Se0, forming a layer of Se0 at 
the iron oxide-Fe(0) interface of the ZVI nanoparticle to a depth of as much as 6 nm on the surface 
(Ling et al., 2015). This treatment was shown to be capable of removing 1.3 mM selenite from 
water within three minutes of nZVI dosing. A similar redox process involving nZVI removes 
Se(VI) from wastewater and reduces it to Se(-II). Researchers were able to reduce 96% of the 
initial selenate from 4 ppm initial concentration, which represents a slightly lower removal rate 
when compared to Se(IV) (Olegario et al., 2009).   
Investigation of selenate reduction in a hybrid ZVI/Fe3O4/Fe2+ (hZVI) system showed that 
it was able to improve the removal efficiency compared to unmodified ZVI. hZVI achieved the 
most effective selenate removal compared to any of the other non-hybrid (ZVI, Fe2+ and Fe3O4 
alone) or partial-hybrid systems (ZVI/Fe2+, Fe3O4/Fe2+ and ZVI/Fe3O4) (Tang et al., 2016). ZVI 
was the primary electron donor for selenate reduction, Fe3O4 served as a primary reduction site 
for selenate and Fe2+ participates in selenate reduction together with ZVI. Furthermore, Fe2+ was 
retained on the passivated surface of ZVI and Fe3O4, to sustain the reactivity of hZVI for rapid 
removal of selenate. 
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Immobilization techniques for treatment with nZVI have been studied in order to reduce 
recoverability costs. Quamme et al. entrapped nZVI in calcium alginate beads for remediation of 
selenium species in aqueous medium. Although bare nZVI demonstrated quicker and more 
efficient remediation (>97% removal in 3 h), the impregnated alginate beads were easily separated 
from the wastewater for disposal (<85% removal in 12 h) (Quamme et al., 2012). Iron/iron oxide 
functionalized membranes were developed for selenium reduction and adsorption from coal-fired 
power plant scrubber water at an industrial scale. Aggregation of impregnated iron oxide 
nanoparticles was avoided to maintain their surface area via immobilization within a polyacrylic 
acid (PAA)-coated polyvinylidene fluoride (PVDF) membrane (Gui et al., 2015).  
1.5.5 Graphene oxide 
Graphene oxide has also gained much attention recently as one of a number of emerging 
materials with attractive nanoscale properties. Hydrophobic graphene oxide monolayers have 
demonstrated promising performance in removal of heavy metals and selenium oxyanions, due to 
its high surface area and ample surface hydroxyl and carboxyl functional groups. Free-standing 
graphene oxide foam (GOF) is an excellent adsorbent for a wide range of heavy metal ions such 
as Cd2+, Pb2+, Zn2+, and Fe3+ (Lei et al., 2014). The superior adsorption properties originate from 
the large surface area provided by the three-dimensional interconnected porous nanostructure of 
the GOF comprised of many graphene oxide sheets.  
Researchers have applied the superior adsorption ability of graphene oxide to selenium 
removal from aqueous solutions. Fu et al. combined magnetic nanoparticles with graphene oxide 
to more easily separate and regenerate the absorbent for full-scale selenium removal from 
wastewater. The magnetic nanoparticle-graphene oxide (MGO) composite adsorbent shows a high 
binding capacity for both selenite and selenate. The MGO contains at least two types of hydroxyl 
binding sites for Se(IV) and Se(VI) located on the iron oxide nanoparticles and on the graphene 
oxide sheets, leading to higher adsorption capacities than pure Fe3O4 nanoparticles or pure 
graphene oxide. The MGO composites removed > 99.9% selenite and 80% selenate at a MGO 
dosage of 1 g L-1 (Fu et al., 2014). 
1.5.6 Layered double hydroxide (LDH) nanocomposites 
Layered double hydroxide (LDH) nanocomposites are capable of anion exchange and are 
promising nanomaterials for selenium oxyanion removal. LDHs are considered anionic clays; a 
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common mineral of this family is hydrotalicite (Mg-Al-CO3)(Kwon et al., 1988). LDH 
nanocomposites can incorporate anions between the hydroxide layers and act as transport vehicles 
leading to applications in catalysis, medical science and separation technologies (Figure 1-6). 
 
Figure 1-6. Schematic representation of LDH structure for selenium oxyanion removal. Figure 
adapted from Kameda et al. (2014). 
Recent advances in the production process for LDHs have increased their adsorptive 
capacity and made promising strides towards technical feasibility for ion exchange in wastewater 
applications. A novel Mg-Al LDH synthesis involving an alkoxide-free sol-gel process produced 
a marked increase in adsorptive capacity towards selenite and selenate (Chubar et al., 2013). The 
alkoxide-free process increases the surface area and functional groups as well as the number of 
interlayer species.  
The adsorption of selenite by Mg-Al-CO3 LDHs has been shown to be much greater than 
that of selenate in most cases. According to the underlying mechanism proposed by Chubar the 
inner-sphere complexation (covalent bond formation) is the leading mechanism along with ion 
exchange via surface OH- and interlayer CO32- species for selenite. In contrast, the sorption of 
selenate is driven only by ion exchange (Chubar, 2014). 
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Mg-Al LDHs can be doped with different metals to increase the adsorption and removal of 
their target anion species (Kameda et al., 2014). Kameda et al. found that Mg-Al-Cl LDH doped 
with Fe2+ was able to remove Cr(VI) through anion exchange of Cr2O72- with the intercalated Cl-. 
The same group also found that the same nanomaterial was superior to its non-Fe2+ doped 
counterpart for As(V) removal (Kameda et al., 2015). The excellent performance of this LDH for 
Cr(VI) and As(V) removal is due to both the anion exchange properties of Mg-Al LDH and 
reducing activity of the Fe2+-doped Mg-Al LDH. Other modifications have been made to LDH 
nanomaterials to enhance their adsorptive capacity. Mg-Fe-CO3 LDHs coated on cellulose fibers 
were used to selectively adsorb and identify different species of selenium in river and lake water 
at extremely low concentrations (≤ 0.2 ppb) (Chen and An, 2012). The adsorption of selenite from 
dilute synthetic aqueous solutions (20 ppb), meant to mimic power-plant effluents, onto LDHs 
occurs to a lesser extent, as expected (Yang et al., 2005). 
The flexibility of the LDH platform is another advantage for the removal of inorganic 
oxyanions (e.g. arsenite, chromate, selenite, selenate, etc.). With the recent advances in LDH 
synthesis along with different doping techniques the future for selenium oxyanion removal via 
LDH adsorption is very promising. The main advantage of LDHs over conventional anionic 
exchange is their much higher anion exchange capacity for targeted oxyanions. Also, the rate at 
which LDH adsorption removes harmful selenium oxyanions far surpasses that of current 
biological treatment (Goh et al., 2008). Currently, the main limitations for the use of LDHs include 
leaching of precursor metals from LDH into the wastewater at low pH, costly regeneration and 
raising of pH of wastewater in the presence of calcined LDHs (Goh et al., 2008).  
1.5.7 Polymer-clay nanocomposites 
Over the past years, polymer-clay nanocomposites have been studied for environmental 
applications such as sorbents for anionic pollutants. Chitosan-montmorillonite nanocomposites 
have been well studied for the adsorption of a vast array of anionic pollutants and are able to 
selectively adsorb selenate from contaminated waters (Celis et al., 2012). 
Polymer polycations such as PDADMAC, chitosan and PVP-co-S have been tested. 
Chitosan had the highest affinity towards adsorption of selenate (>99% removal) (Bleiman and 
Mishael, 2010). The removal of selenium by the chitosan-montmorillonite nanocomposite was 
influenced by the polymer loading of the composite. The nanocomposites where two polymer 
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layers were intercalated within the clay were more effective at selenate removal. In the presence 
of excess sulfate (competing anion) selenium removal was favoured for selective removal over a 
wide range of polymer loadings in the nanocomposite. Selectivity increased with the extent of 
polymer loading. 
The regeneration of the chitosan-montmorillonite was accomplished with a wash of dilute 
sodium hydroxide in order to raise the pH to desorb the selenate from the surface of the 
nanocomposite. Desorption of selenium was achieved with 44% efficiency. Although this is a 
relatively low desorption efficiency, the performance of the nanocomposite adsorbent increased 
by 50% after the first wash (Bleiman and Mishael, 2010). This is an indication that optimization 
opportunities exist, which warrants further research for this adsorption technology.  
1.6 Recyclability and reusability of nanomaterials 
Several factors including size, charge and colloidal stability make nanoparticles very 
difficult to separate post-treatment. Due to cost and public health concerns, it is important to retain 
and recycle the nanomaterials for subsequent treatment cycles. Several methods have been used 
for separating nanoparticles from aqueous solution - mainly magnetism, cross-flow filtration and 
centrifugation (Ali, 2012). Due to the high flow rates generally encountered in selenium removal, 
the latter two options are not as economically attractive.  
Post-separation of magnetic particles is made possible by applying a magnetic field to the 
treated wastewater. The most common magnetically separated nanoparticles are iron oxide and 
functionalized iron oxide particles for selectively removing selenium from aqueous solution. Iron 
oxide nanoparticles exhibit superparamagnetic properties resulting in a strong magnetic moment 
when placed in an external magnetic field. Fu et al. synthesized functionalized water-dispersible 
magnetic nanoparticle-graphene oxide (MGO) composites in order to remove selenium oxyanions 
from wastewater (Fu et al., 2014). This MGO composite underwent 10 cycles of sorption-elution 
with approximately only 1% reduction in selenium removal over the entire 10 cycles. 
Recently, a large research effort has focused on designing immobilized nanoparticle 
treatment systems to avoid post treatment separation all together. Immobilization techniques vary 
depending on the nanomaterial used for selenium removal. Self-assembled monolayer ligands 
immobilized on mesoporous silica were cycled through a sorption-elution-reuse cycle eight times 
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only losing approximately 1% efficiency per cycle (Awual et al., 2015b).  Many immobilization 
techniques hinder the treatment efficiency of the nanoparticles. Considerable research has been 
done to develop simple immobilization techniques which maintain, or in some cases, improve 
removal efficiency.  Researchers claim to have increased the adsorption capacity of nano-anatase 
after immobilizing it onto multi-walled carbon nanotubes (Bakather and Atieh, 2015). 
Nanocrystalline aluminum oxide was impregnated in chitosan beads and nZVI was entrapped in 
calcium alginate beads for use in ion-exchange water treatment systems for selenium removal 
(Quamme et al., 2012; Yamani et al., 2014). Similarly, Mg-Fe-CO3 LDHs were coated on cellulose 
fibers in order to retain the valuable nanomaterial for subsequent treatment cycles (Chen and An, 
2012). Immobilization allows selenium removal technologies to exhibit desired properties of 
nanomaterials all while maintaining a recyclable platform for regeneration and reuse.  
Regeneration of the selenium removing nano-adsorbent particles is highly pH dependent. 
Adsorption of selenium oxyanions is optimal at lower pH, while desorption is optimal at high pH. 
Nano-adsorbents are commonly washed with a low-strength sodium hydroxide elution solution in 
between cycles in order to desorb the selenium contaminants (Awual et al., 2014; Fu et al., 2014; 
Kameda et al., 2014; Quamme et al., 2012). The regeneration of the nano-reducing particles is less 
common since the reducing agents are generally oxidized into metal oxides, which can still act as 
an adsorbent for selenium oxyanions. Mainly, the immobilization of nano-reducing agents allows 
for simple capture and replacement within the treatment system. 
1.7 Research challenges 
Nanotechnology applied to selenium removal from wastewater has a promising future; 
however, several obstacles exist to full-scale treatment systems of real wastewater. Some 
nanotechnologies are close to full scale implementation; while others require significant research 
before consideration for industrial applications. Given the many advantages of nanomaterials, 
further research into advanced nanotechnologies for wastewater treatment is warranted.   
The major research challenges for full-scale industrial wastewater treatment include: 
operating pH, unknown adverse health impacts, cost-effectiveness and ability to scale up.  
The first main research challenge is that nano-adsorbents are most effective in low pH 
ranges. Se-containing wastewaters such as FGD and acid mine drainage wastewaters have low 
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pHs. Typically solid precipitation and pre-treatment of highly contaminated wastewater involves 
the addition of lime (Ca(OH)2) which raises the pH of the wastewater. A nanotechnology would 
ideally be used as a polishing step intended to remove total selenium to a concentration of <5 ppb. 
Much research is needed to expand the pH operating range of nano-adsorbents and integrating the 
nanotechnologies within existing wastewater treatment systems.  
Secondly, more research is required to study the safety profiles of the nanomaterials. Some 
of them are non-biodegradable and can enter into the human body through different pathways 
(Pisanic II et al., 2007). The study of the behaviour of nanoparticles in the environment, as well as 
their ecotoxicology has been a primary concern for scientists and environmental regulators. 
Compared to conventional or other emerging contaminants, nanoparticles pose some new 
challenges for scientists. Many engineered nanoparticles are functionalized and this significantly 
affects their behaviour. Changes in functionalization by environmental factors can lead to changes 
in reactivity and behaviour in the environment (Mueller and Nowack, 2008; Nowack and Bucheli, 
2007). These changes make it very hard to establish accurate toxicity tests on nanoparticles when 
they are subject to change depending on differing environmental factors. The mobility and release 
of nanoparticles as well as their health effects still require more research before full scale 
implementation.  
Thirdly, the cost-effectiveness of nanomaterials can be improved by improving the 
regeneration and reuse of the materials. The cost of nanomaterials is relatively high, with the 
exception of nTiO2 and iron oxide nanoparticles (Qu et al., 2013).  
Finally, the ability to scale up to full scale wastewater treatment plants is crucial for further 
development of nanomaterials for selenium removal from wastewater. Further research into 
immobilization and recycling techniques of nanomaterials is vital in order to utilize nanomaterials 
in large scale reactors.   
1.8 Conclusions 
Nanotechnology offers highly promising and effective solutions to treating selenium 
contaminated wastewaters. Global interest on selenium removal technologies has increased due to 
the recent findings on the effects of chronic exposure of aquatic life to Se (U.S. EPA and Office 
of Water, 2015). The new limits have already placed pressure on coal mining, coal fired power 
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plants, agricultural and mining practices to upgrade their wastewater treatment systems in order to 
diminish their effluent selenium levels. 
Nanotechnology is a favorable option to reduce selenium concentrations to meet the 
microgram level permissible limits. These nanomaterials exhibit high surface adsorbing activity, 
high reactivity, selectivity and sustainable treatment capability to remove soluble selenium 
oxyanions from wastewater. Recycling of nanomaterials provides a cost-effective strategy to 
enable these specialized nanomaterials to be used on an industrial scale. Many of these 
technologies show great promise in the laboratory and require further research and development 
to become commercially available but are ideal candidates for fast and inexpensive technologies. 
We can better facilitate the transfer of these nanomaterials from the laboratory to the wastewater 
treatment market by cooperation through academia, industry and government partnerships. 
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1.9 Thesis structure 
1.9.1  Aims 
Given the challenges facing Se removal from industrially impacted water, the objective of 
my research is to develop a treatment methodology which can overcome the many limitations and 
challenges of conventional Se removal techniques. The focus is on the photocatalytic reduction of 
Se oxyanions in industrially impacted waters and demonstration of the many advantages in the use 
of nanomaterial photocatalysts for the removal of Se to below 2 μg L-1. Photocatalysis with TiO2 
is an exceptionally powerful advanced reduction process (ARP) that has been proven to eliminate 
a variety of toxic inorganic materials, including Se. Given that TiO2 is an abundant, chemically 
stable, low-cost and recyclable photocatalytic material, it represents a suitable starting material to 
prove the viability of Se photocatalytic reduction processes for industrial water sources. Therefore, 
the primary goal of this thesis is to evaluate the potential of heterogeneous photocatalysis to treat 
Se oxyanion compounds in flue gas desulphurization wastewater (FGDW), mine-impacted water 
(MIW) and brines generated from both FGDW and MIW, as well as applying nanotechnology 
engineering principles to develop novel materials and catalyst recycling systems to facilitate and 
support deployment of these methods at industrial scales. The specific aims of this thesis are as 
follows: 
(1) Assess the effectiveness of photocatalytic reduction for the removal of selenate using 
TiO2 in high concentration sulfate-containing wastewaters such as FGDW, and 
evaluate the optimum operating conditions for Se removal; 
(2) Assess the effectiveness of photocatalytic reduction for the removal of selenate over 
TiO2 in the presence of more thermodynamically favorable electron acceptors such as 
nitrate in MIW and determine the ideal operating conditions for Se removal; 
(3) Probe and understand the mechanisms for selective reduction of selenate on TiO2 in the 
presence of more thermodynamically favorable electron acceptors, such as nitrate, in 
MIW and elucidate the mechanism responsible for the selective two-stage Se reduction; 
(4) Expand upon mine-impacted water treatment knowledge to better understand the 
treatment of high-concentration Se brines and tune the treatment conditions for 
controllable Se product generation to engineer for Se recovery; 
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(5) Design nanomaterial photocatalysts which can help tune the final Se product selectivity 
toward either solid elemental Se or gaseous hydrogen selenide gas by engineering the 
catalyst’s photogenerated electron affinity; 
1.9.2  Research chapters 
 The research portion of this thesis is organized into five chapters (Chapters 2-6). I begin 
by assessing the viability of photocatalytic reduction of selenate (SeO42-) over TiO2 as a treatment 
method for selenium (Se) removal from flue gas desulphurization wastewater (FGDW). In Chapter 
2, entitled Photocatalytic reduction of selenate in flue gas desulphurization wastewater: Study of 
kinetic factors to elucidate a direct Z-scheme reaction mechanism, I elucidate the mechanisms of 
electron transfer involved in the simultaneous generation of elemental selenium (Se0) and 
hydrogen selenide (H2Se) through two consecutive first-order reductions under a direct Z-scheme 
photocatalyst arrangement between photo-deposited Se and TiO2. The effects of many operating 
parameters (pH, temperature, wastewater matric composition, electron donor type and 
concentration, selenate concentration, catalyst concentration, dissolved oxygen concentration) on 
reaction kinetics are investigated.  
 In Chapter 3, entitled Factors affecting kinetics of the photocatalytic reduction of selenate 
over TiO2 in mine impacted water, the focus is on the treatment of selenate containing mine-
impacted water (MIW) through photocatalytic reduction on TiO2. MIW and FGDW have similar 
water composition profiles with the exception of nitrate contained in MIW. Similar reactor 
parameters and conditions are investigated as in Chapter 2, in order to understand the impact of 
the presence of nitrate. The existence of a selective reduction pathway of selenate in a complex 
wastewater is reported, allowing for effective selenate reduction in the presence of high 
concentrations of sulfate and nitrate. The integration of a photocatalytic selenate reduction with 
subsequent biological nitrate reduction is considered. Investigation into the effects of various 
electron hole scavengers (EHS) (i.e. acetic acid, ethanol, methanol, glycerol and formic acid) on 
photocatalytic reaction kinetics is completed to assess EHS compatibility with downstream 
biological reduction processes and the use of unreacted EHS as an electron donor for biological 
nitrate reduction.   
 In Chapter 4, entitled Selective removal of Se through selenate specific photocatalytic 
reduction over TiO2 in the presence of nitrate and sulphate in mine impacted water, I investigate 
the primary mechanistic drivers for selective reduction of selenate in the presence of sulfate, 
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nitrate, carbonate and other dissolved species in complex industrial wastewaters. The competitive 
adsorption between sulfate (~2,000x molar concentration of selenate) and the competition for 
electrons with nitrate (~250x molar concentration of selenate) affect the reduction of selenate 
through unique mechanisms, although selective reduction is still achieved. We proposed an 
electron transfer mechanism in which TiO2 conduction band electrons are responsible for the 
reduction of selenate to elemental Se (Se0) and both carbon dioxide radicals (!"#•	%) and Se 
conduction band electrons are responsible for the further reduction of Se0 to hydrogen selenide 
(H2Se). 
In Chapter 5, entitled Tunable production of elemental Se vs H2Se through photocatalytic 
reduction of selenate in synthetic mine impacted brine: Engineering a recoverable Se product, I 
investigate the tunability of Se reduction products (Se0(s) vs. H2Se(g)) during the photocatalytic 
reduction of selenate over TiO2, using formic acid as an electron hole scavenger, in synthetic mine-
impacted brines (SMIB). By using temperature and electron donor (i.e. formic acid) concentration 
as the variables, the selectivity towards generating either Se reduction product can be controlled, 
while effectively removing Se from SMIB to < 2 µg L-1 from an initial Se concentration of > 3,300 
µg L-1. It is shown that an increase in solution temperature leads to a marked increase in selenate 
removal kinetics and an increase in selectivity towards H2Se(g), while increasing the concentration 
of formic acid leads to an increase in selenate removal kinetics and a decrease in the selectivity 
towards H2Se(g). Thus, photocatalysis presents a unique approach for the generation of gaseous 
H2Se or solid Se0, both of which have a high potential for recovery and reuse from mine-impacted 
water and brine. With proper design and safety considerations, the advantages of recovering Se 
from waste streams provides an economical solution to a global environmental challenge.  
In Chapter 6, entitled Enhanced photocatalytic selectivity of noble metallized TiO2 (Ag-, 
Au-, Pt- and Pd-TiO2) nanoparticles in the reduction of selenate in water: Tunable Se reduction 
product H2Se(g) vs. Se(s), I deposit noble metals (Au, Ag, Pt and Pd) onto TiO2 to produce 
heterogeneous nanoscale photocatalysts. These catalysts exhibit work-function dependent bimodal 
selectivity of final products during the photocatalytic reduction of selenate to elemental Se (Se0) 
or hydrogen selenide gas (H2Se). A catalyst design approach for product selectivity is presented, 
as compared to the reactor parameter control approach presented in Chapter 5 and allows for 
control of the Se reduction product selectivity which is highly desired depending on the water 
treatment and Se recovery goals. The Se-noble metal-TiO2 (Se-NM-TiO2) photocatalytic system 
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is structured in a direct Z-scheme arrangement, when Au, Ag or Pt are used, allowing for high 
selectivity towards gaseous H2Se. In contrast, Pd acts as an electron sink which decreased the 
reducibility of the photogenerated electrons and shifted the selectivity towards solid Se0. 
Tunability of the Se reduction product is key in designing a sustainable treatment approach with a 
potential for Se capture and reuse. 
 In the final concluding chapter (Chapter 7), I combine the major research findings, 
highlight major breakthroughs outlined in this thesis and provide a way forward for the transition 
from photocatalytic reduction of selenate at a laboratory scale into industrially relevant operating 
systems. A number of recommendations are made that suggest ways to improve catalyst efficiency, 
better understand the final fate of Se and develop a feasible technology for practical development.  
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2  Photocatalytic reduction of selenate in flue gas desulphurization 
wastewater: Study of kinetic factors to elucidate a direct Z-scheme 
reaction mechanism 
 
This chapter is modified from: 
 
Holmes, A.B., Livera, D., Khan, D., McBride, S., and Gu, F. (in preparation). Photocatalytic 
reduction of selenate in flue gas desulphurization wastewater: Study of kinetic factors to 
elucidate a direct Z-scheme reaction mechanism.  
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2.1 Summary 
In this paper, we uncover mechanisms of electron transfer through kinetic modelling which 
have a substantial impact on the understanding and viability of photocatalytic reduction of selenate 
(SeO42-) on TiO2 as a treatment method for selenium (Se) removal from flue gas desulphurization 
wastewater (FGDW). Herein, the simultaneous generation of elemental selenium (Se0) and 
hydrogen selenide (H2Se) through two consecutive first-order reductions is reported under a direct 
Z-scheme photocatalyst arrangement between photodeposited Se and TiO2. In this work, we 
demonstrate the ability to reduce selenate in FGDW containing co-existing ions  with 
concentrations more than 2,500 times that of selenate. High concentrations of Ca2+ and SO42- 
contribute to a high apparent activation energy (90.09 kJ mol-1) leading to the production of mainly 
H2Se gas as a reaction product. The reaction occurs through a Langmuir-Hinshelwood (LH) 
mechanism under an adsorption-limited regime, while dissolved oxygen (DO) is inhibitory to the 
reduction through the formation of hydroperoxyl radicals (•O2H) responsible for the re-oxidation 
of Se0 back to SeO42-. Based on this understanding of the reaction mechanisms, the complete 
removal (< 1 µg L-1) of selenate through photocatalytic reduction on TiO2 in FGDW is shown for 
the first time. 
2.2  Introduction 
Selenium (Se) and its compounds are seen around the world as environmental contaminants 
resulting from industrial activities such as coal and mineral mining, metal smelting, oil 
extraction/refining, agricultural irrigation and coal-fired power plants (Santos et al., 2015). At low 
levels, Se is an essential micronutrient to animals with a very narrow therapeutic window and a 
tendency to bioaccumulate (Hamilton, 2004). At higher concentrations, Se is toxic and the effects 
depend on various factors, including its oxidation state. To limit the health impact of Se, 
governments and environmental regulators such as the World Health Organization (WHO) 
currently hold a provisional guideline value of 40 µg L-1 as the maximum concentration limit 
(MCL) in drinking water. Recently, stricter guidelines of 1.5 µg L-1 and 3.1 µg L-1 in lentic and 
lotic ecosystems respectively, have been proposed by the United States Environmental Protection 
Agency (U.S. EPA) for the protection of aquatic life.  
Primarily, Se species in wastewater exist in the inorganic forms of selenate (SeO42-), 
selenite (SeO32-) and their protonated anions HSeO4- and HSeO3-. Se can also exist in a variety of 
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other compounds; however, selenate is the dominant species of concern due to its high mobility, 
toxicity and low affinity to soil interfaces (Zawislanski et al., 2003). Hence, selenate is the 
dominant Se species in industrially produced wastewaters such as wet flue gas desulphurization 
wastewater (FGDW) from coal-fired electric generating power plants (Lenz and Lens, 2009). 
Several available selenate removal technologies utilize physical, chemical or biological treatment 
techniques. Physical removal techniques such as reverse osmosis and evaporation/crystallization 
technologies are high cost and energy intensive (Richards et al., 2011). Adsorptive removal 
techniques such as ion exchange, ferrihydrite adsorption and activated alumina have demonstrated 
little success at reaching below 10 µg L-1 Se due to the low affinity of selenate to mineral surfaces 
resulting from weak outer-sphere complex surface interactions (Ippolito et al., 2009; Rovira et al., 
2008). In addition, physical removal techniques merely concentrate selenate and other ions into a 
brine stream, rendering the subsequent treatment of brine a major problem. Chemical removal 
techniques require long retention times and high operating and chemical costs to achieve sufficient 
removal of selenate (Mavrov et al., 2006). Biological reduction techniques are the most widely 
implemented method to convert selenate to elemental selenium although they are highly sensitive 
to fluctuating FGDW composition, operating parameters and biomass health, and so are difficult 
to control (Jain et al., 2015; Staicu et al., 2015b). Therefore, a need exists for the development of 
a robust and effective selenate removal technology. 
Heterogenous photocatalytic reduction of selenate on semiconductor materials, such as 
titanium dioxide (TiO2), has shown great potential for selenate removal (Holmes and Gu, 2016; 
Leshuk et al., 2018; Nguyen et al., 2005b). Photocatalysis exploits the unique electronic band 
structure of semiconductors to catalyze redox reactions. Upon irradiation with high-energy light, 
electrons are excited into the conduction band (&'(% ) and electron holes form in the valence band 
(ℎ*(+ ). This &'(% -ℎ*(+  pair can recombine within a few nanoseconds (Schneider et al., 2014), or it 
can be captured by species interacting with the semiconductors surface. An acceptor capturing the 
&'(
%  is reduced while a donor reacting with the ℎ*(+  is oxidized, while the semiconductor catalyst 
remains unchanged. Utilization of an electron hole scavenger, such as methanol, ethanol (T.T.Y. 
Tan et al., 2003a), formic acid (FA) (Kikuchi and Sakamoto, 2000; Sanuki et al., 1999; T.T.Y. Tan 
et al., 2003b), sodium formate (Nguyen et al., 2005b), or ethylenediaminetetraacetic acid (EDTA) 
(Labaran and Vohra, 2014), can limit the recombination of the &'(% -ℎ*(+  pairs and markedly increase 
the efficacy of selenate reduction. Among these hole scavengers, FA demonstrates the highest 
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electron hole scavenging potential leading to the highest selenate reduction rates (T.T.Y. Tan et 
al., 2003a). 
Previous studies which investigated the photocatalytic reduction of Se oxyanions were 
primarily conducted in a solution prepared with DI and a Se oxyanion salt (Kikuchi and Sakamoto, 
2000; Labaran and Vohra, 2014; Nguyen et al., 2005b; T.T.Y. Tan et al., 2003b, 2003a). However, 
FGDW is comprised of high concentrations of other anions and cations, such as Cl-, CO3-, SO4- 
and Ca2+, which can influence the overall reduction markedly (Al-Abed et al., 2008). Nakajima et 
al. investigated the photocatalytic reduction of selenate in simulated FGDW and observed that the 
reduction rate is inhibited in the presence of sulfate (Nakajima et al., 2013, 2011). The studies 
suggested that selenate in simulated FGDW could not be removed by photocatalytic reduction due 
to the excess amount of co-existing SO42-.  
Herein, the authors provide insight into the selenate reduction mechanism and provide 
further understanding to overcome kinetic limitations even in the presence of SO42- and other co-
existing ions in FGDW. The specific objectives of this study are to (1) investigate the ability of 
TiO2 to remove selenate from FGDW, and (2) examine the various factors influencing the reaction 
to better understand the mechanism and optimize FGDW treatment. 
2.3 Materials and methods 
2.3.1 Materials 
Flue gas desulphurization wastewater (FGDW) was provided by a coal-fired power plant 
in the southeastern United States from two separate sampling locations in their wastewater 
treatment process and stored at 4 °C in the dark. The first sampling location of the FGDW was the 
effluent of the hydrocyclones, primarily used for coarse calcium sulphate solid removal. The 
second sampling location followed coagulation-flocculation (CF) pretreatment of the effluent from 
the hydrocyclones. Briefly, the CF pretreatment included lime addition, settling, pH adjustment, 
organo-sulfide addition, ferric chloride addition, polymer addition, settling and sand filtration. 
FGDW was then subsampled in aliquots and passed through a 1.5 μm glass microfiber filter. A 
full chemical analysis of the industrial FGDW (after CF pretreatment) can be found in Table A-1. 
The effect of CF pretreatment on the photocatalytic removal of Se is shown in Figure A-1 and 
discussed in Appendix A. In some studies, simulated FGDW was generated by dissolving reagent 
grade salts in DI water at similar concentrations to industrial FGDW to run controlled experiments. 
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Titanium dioxide nanoparticles (Aeroxide P25, ~10-50 nm particle diameter, 55 m2 g-1 surface 
area, Acros) were used as received. P25 TiO2 nanoparticles have been extensively studied and 
characterized in the literature and is often used as a benchmark photocatalyst. Formic acid (ACS 
reagent, 97%, Alfa Aesar) was used as an electron hole scavenger. Sodium selenate (<0.1% 
impurities, BioXtra, Sigma-Aldrich), calcium chloride (anhydrous, ACS reagent >96%, Sigma-
Aldrich), magnesium chloride (anhydrous >98%, Sigma-Aldrich), sodium chloride (reagent grade, 
Sigma-Aldrich), sodium sulphate (anhydrous reagent grade >99%, Sigma-Aldrich), hydrochloric 
acid (37%), sodium hydroxide (ACS grade, Sigma-Aldrich) were used to synthesize simulated 
FGDW. 
2.3.2 Photocatalytic experiments 
The photocatalytic reactor apparatus consists of an air tight stainless-steel reactor vessel of 
1.0 L capacity with a quartz-window through which UV is irradiated. The experimental apparatus 
is illustrated in Figure A-2.  FGDW was added to an internal PTFE liner followed by formic acid 
and TiO2. The suspension was stirred for 1 hour under nitrogen to allow dark adsorption before 
UV irradiation. Samples of FGDW were taken throughout the treatment to determine both total 
and dissolved Se, through unfiltered and filtered samples, respectively. The apparatus was exposed 
to varying UV wavelengths and intensities while the solution temperature, pH, ℎ*(+  scavenger 
concentration, TiO2 concentration and Se concentration were also varied. Three UV lamps were 
used to vary photon irradiance (,-). The irradiance absorbable by TiO2 (230-388 nm) varies with 
the lamp used: (1) UVA fluorescent bulbs (Philips F20T12/BL, ./012 = 365 nm, ,- =
1.069 × 10:; photons cm-2 s-1), (2) UVC fluorescent bulbs (Atlantic Ultraviolet 15225-L70, ./012 
= 254 nm, ,- = 3.776 × 10:; photons cm-2 s-1), and (3) UVA fluorescent bulb (Blak Ray B-100A 
95-0044-22, ./012 = 365 nm, ,- = 9.891 × 10:; photons cm-2 s-1). Photon irradiance was 
determined through potassium ferrioxalate actinometry (Bowman and Demas, 1976; Hatchard and 
Parker, 1956) in each lamp-reactor pair to enable evaluation of experimental apparatus variation. 
Variation in fluence was used instead of operating time to make our results comparable with other 
studies. Unless otherwise noted, the photocatalytic experiments were completed using a Blak Ray 
lamp under the following conditions: 300 K, pH 3, 300 mg L-1 formic acid, 0.2 g L-1 P25 TiO2, 
./012 = 365 nm, and ,- = 9.891 × 10:; photons cm-2 s-1. 
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2.3.3 O2•- / •O2H radical experiments 
Dihydroethidium (DHE, BioReagent > 95%, Sigma-Aldrich) was used to quantitatively 
detect superoxide radical (O2•¯) generated by TiO2 photoreduction in the presence of O2. The 
fluorescence of the product formed from the reaction of DHE and oxidative molecules was 
measured by a fluorimeter and converted into a molar generation rate using a calibration curve for 
2-hydroxyethidium obtained by reacting known amounts of DHE with potassium 
nitrosodisulfonate (Fremy’s Salt, Sigma-Aldrich), which has been demonstrated to yield the same 
superoxide-specific oxidation product (Laurindo et al., 2008). To investigate the role of H2O2 in 
the system, a spectrophotometric method was employed based on the reduction of Cu(II) by H2O2 
in the presence of excess 2,9-dimethyl-1,10-phenanthroline (DMP, >95%, Sigma-Aldrich). 
Further details on the radical experiments are provided in Appendix A.  
2.3.4 Analytical methods 
Se concentration was determined in accordance with the U.S. EPA suggested Se 
determination technique (APHA 2009, Method 3114B/C) using hydride generation inductively 
coupled plasma optical emission spectroscopy (HG-ICP-OES, Teledyne Prodigy ICP and Cetac 
HGX-200 advanced membrane hydride generation system, LOD = 1 µg L-1). Both dissolved and 
total Se were determined by HG-ICP-OES following acid digestion protocol U.S. EPA Method 
3050B (U.S. EPA, 1996). The insoluble Se fraction (considered to be elemental Se) present in the 
water was calculated by the difference of total and dissolved Se concentrations. Gaseous H2Se was 
calculated from the difference between the initial total Se in the water and total Se in the TiO2 
suspension after UV exposure. Based on several past studies on photocatalytic reduction of 
selenate on TiO2 (Nguyen et al., 2005b; Sanuki et al., 1999; T.T.Y. Tan et al., 2003a), the gaseous 
Se species is assumed to be H2Se although direct identification of the gaseous Se species is a 
challenging task (Kot and Namiesńik, 2000; Uden, 2002). Speciation of selenate and selenite was 
done with and without an acid pre-reduction prior to HG-ICP-OES, respectively. Pre-reduction 
involving acid digestion of the sample ensures all remaining Se(VI) in solution is converted to 
Se(IV), which can then be completely reduced to Se(-II) by sodium borohydride, within the 
hydride generation system.   
Nitrate concentration was determined using ion chromatography (IC, Dionex LC10-2 
equipped with a low-capacity Dionex IonPac AS17-C IC column, LOD = 0.033 mg L-1). Total 
organic carbon (TOC, APHA 5310B, combustion temperature 800 °C), chemical oxygen demand 
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(COD, APHA 5220D), biochemical oxygen demand (BOD, APHA 5210B), anion concentration 
by ion chromatography (bromide, chloride, fluoride, nitrate, nitrite and sulfate, EPA 300.0), 
speciated alkalinity (as CaCO3, EPA 310.2), and total and dissolved metals by inductively coupled 
plasma mass spectrometry (ICPMS, EPA 200.2/6020A and APHA 3030B/6020A) were measured 
according to standard methods by ALS Environmental (Waterloo, ON, Canada), a laboratory 
accredited by the Canadian Association for Laboratory Accreditation (CALA) according to 
international standards (ISO 17025). 
2.3.5 Experimental methodology 
 Various experiments are conducted to understand the nature of the photocatalytic reduction 
mechanism of selenate in FGDW. First, the speciation of Se throughout the reaction is investigated 
to better understand the two reduction reactions occurring concurrently. Then, both the effect of 
temperature and salt concentration experiments are completely, to highlight their impact on the 
apparent activation energy of the reaction. These experiments are followed by investigations into 
the effect of electron hole scavenger concentration, selenate concentration, catalyst concentration, 
pH and dissolved oxygen concentration on the selenate photocatalytic reduction reaction. Finally, 
from the results of these experiments and the thorough investigation of the photocatalytic reduction 
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2.4 Results and Discussion 
2.4.1 Se speciation during selenate photocatalytic reduction 
Experiments were conducted to understand the speciation of Se during the photocatalytic 
reduction of selenate in FGDW to better understand the removal mechanism. Figure 2-1 shows the 
removal of selenate (SeO42-) and the generation of both solid elemental Se (Se0) and hydrogen 
selenide gas (H2Se) during the photocatalytic reduction of selenate over TiO2, using formic acid 
as an electron hole scavenger in FGDW. The reaction vessel was purged with nitrogen to remove 
produced hydrogen selenide gas during the reaction. SeO42- is reduced directly to Se0, bypassing 
the intermediate SeO32-, in a six-electron reduction of SeO42-, see Figure A-3 in Appendix A. The 
photocatalytic reduction of SeO42- follows a two-step reaction outlined in eq. 2.1 & 2.2, with the 
reduction of SeO42- to Se0 followed by the further reduction to H2Se. Pseudo first-order kinetic 
models developed for the simultaneous reductions of SeO42- and Se0 (eq. 2.3 through 2.5) fit well 
with experimental data (Figure 2-1). It should be noted that the heterogenous nature of the 
photocatalytic system is discussed in more detail using Langmuir-Hinshelwood models in a later 
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where F: and F# are 0.657	]^#/10#H	`ℎabacd and 1.397	]^#/10#H	`ℎabacd	respectively. 
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Figure 2-1. Variation of relative Se concentrations with fluence during the photocatalytic reduction 
of selenate in FGDW. Model estimates are obtained by fitting a first-order consecutive reduction 
of selenate to elemental selenium and hydrogen selenide to experimental data.  
The standard potential for the reduction outlined in eq. 2.2 (-0.6 V vs. SHE) is more 
negative than the conduction band (CB) of TiO2 (-0.1 V vs. SHE); thus, it is thermodynamically 
unfavourable for electrons in the TiO2 CB to reduce Se0. Since the reaction proceeds with 
simultaneous production of H2Se and Se0, experimentally this suggests a more complex 
mechanism for the reductions than that given by eq. 2.1 and 2.2. Previous researchers who focused 
on the photoreduction of selenate in DI water claimed that the two-step reduction of selenate, in 
eq. 2.1 & 2.2, are completely independent consecutive reactions where eq. 2.2 only occurred after 
eq. 2.1 was near completion and selenate was near exhaustion (T.T.Y. Tan et al., 2003b, 2003a). 
The generation of H2Se did not occur during the selenate reduction but was only observed when 
the selenate ions were nearly exhausted from the solution (Tan et al., 2002). Tan et al attributed 
this characteristic two-step reaction to the difference in reduction potentials of the Se0/Se2- and 
Se6+/Se0 couples. See Figure 2-2a for the electronic band structure of the Se-TiO2 system. Since 
the Se0/Se2- couple lies above the TiO2 conduction band, the reduction of Se0 to H2Se is 
thermodynamically unfavourable (Tan et al., 2002). However, from our experimental findings 
H2Se generation is observed from the beginning of the reaction and hence warrants further 
investigation.  
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Figure 2-2. (a) Schematic comparison of band edge positions of Se and TiO2 together with the 
standard potentials of the relevant redox couples and (b) Schematic illustration of the mechanism 
for charge carrier separation in Se-TiO2 direct Z-scheme photocatalyst arrangement. 
Others have proposed different mechanisms for H2Se gas generation in the unique Se-TiO2 
photocatalytic system to try to explain the further reduction of Se0 to H2Se. Kikuchi and Sagamoto 
proposed the Se0 to H2Se reduction occurs due to the accumulation of electrons in the bulk of TiO2 
causing an increase in the TiO2 conduction band potential (Kikuchi and Sakamoto, 2000). Tan et 
al. proposed Se-photogenerated electrons are responsible for Se reduction to H2Se, which is highly 
favourable from a thermodynamic standpoint (Tan et al., 2002). The authors claim that an 
accumulation of electrons in the interior of TiO2 (n-type semiconductor) and the accumulation of 
holes in Se (p-type semiconductor) could set up an electric field directed from the bulk of Se 
towards the bulk of TiO2. This electric field acts as a forward bias to the p-n junction interface 
between Se and TiO2, reducing the width of the space charge layer and decreasing the energy 
barrier for electron transfer from TiO2 and Se (Dalven, 1990). However, this proposed mode of 
electron transfer does not fully explain why Se-photogenerated electrons do not reduce Se to H2Se 
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A new model must be proposed to explain the continuous generation of H2Se gas 
throughout the entire photocatalytic reaction. We postulate that two separate pathways occur for 
the reduction of Se(s) to H2Se(g): (1) reduction by photogenerated electrons in Se and (2) by carbon 
dioxide radicals (!"#•%) generated through the oxidation of formic acid, as shown in Figure 2-2b. 
During photocatalytic reduction of FGDW, the latter reaction pathway may be more pronounced 
in the presence of a variety of other dissolved species in the wastewater. Various reaction 
conditions are probed throughout this work to elucidate the possibility of both reduction 
mechanisms. 
2.4.2 Apparent activation energy for selenate reduction 
Temperature controlled experiments were completed to investigate the effects of 
temperature on the reaction kinetics for the reduction of selenate in FGDW. An Arrhenius plot of 
the apparent first-order rate constants was used to calculate an apparent activation energy (,ff) of 
90.09 ± 6.09 kJ mol-1 for the reduction of selenate in the presence of formic acid in FGDW (Figure 
2-3a).  
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Figure 2-3. (a) Apparent first-order rate constant as a function of reaction temperature for the 
photocatalytic reduction of selenate in FGDW (inset shows Arrhenius plot) and (b) apparent 
activation energy for the reduction of selenate in varying matrix compositions of deionized water 
(DI), simulated flue gas desulphurization wastewater (SFGD), filtered (Filt.) and unfiltered (Raw) 
industrial flue gas desulphurization wastewater (FGD). The matrix compositions for each of the 
SFGD and FGD are given in Table 2-1 for comparison. 
Treatment of the temperature dependent data according to the Eyring equation can yield 











                                                 (2.6) 
where ΔEr and Δ?r are the apparent enthalpy and entropy of activation, and s, Ft and ℎ are the 
gas, Boltzmann and Planck constants, respectively, thus yielding ΔEr = 87.6 kJ mol-1 and Δ?r = 
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-33.4 J K-1 mol-1 shown in Figure A-4. The small negative value of Δ?r indicates a weakly 
associative mechanism in the transition state, which could correspond to surface reactions of 
adsorbed selenate consistent with the Langmuir-Hinshelwood (L-H) model. 
This large temperature dependence of the kinetics is another phenomenon that the previous 
models posed by Tan et al. and Kikuchi and Sakamoto fail to address. In photocatalytic systems, 
three main factors affect the temperature dependence: (1) intrinsic semiconductor properties, (2) 
rate of decomposition of radical intermediates and (3) solution film mass transport associated with 
adsorption of reactants and desorption of products (Ye et al., 2016). Firstly, intrinsic 
semiconductor properties such as the bandgap, charge carrier density, mobility and separation 
efficiency are dependent on temperature, and typically are negatively correlated with reaction rate. 
However, within the studied temperature range of 285-315 K, these are likely to change only 
slightly for TiO2 and the true activation energy (,f) of the photocatalytic reaction should be near 
zero (Nurlaela et al., 2016). Secondly, the primary source of radical formation during the reduction 
of SeO42- is the reaction of hydroxyl radicals with formate, which has a very low activation energy 
of 9 ± 5 kJ mol-1 and is therefore unlikely to cause the large ,ff (Ervens et al., 2003). In addition, 
,ff was determined for reactions with either formic acid or methanol as electron hole scavengers 
(Figure A-5) confirming that the temperature sensitivity was not specific to a particular radical 
intermediate. Lastly, we postulate that the mass transport associated with adsorption of reactants 
to active sites and the desorption of products from active sites on the catalyst is likely another 
cause of the large ,ff. To clarify, the rate of adsorption to active sites differs from bulk adsorption 
from the aqueous phase to the solid-liquid interface which typically slows down with increasing 
temperature (Kersten and Vlasova, 2013). Less than a quarter of the sites on the surface of TiO2 
are photocatalytically active and are largely inhibited by diffusion within the shear surface to allow 
reactants to migrate to the active sites (Muggli and Backes, 2002). ,ff is an indication of the 
enthalpy associated with adsorption of reactants or desorption of products from the active sites of 
the photocatalyst. 
In addition, a larger ,ff is common for gas generating photocatalytic reactions due to the 
increased rate of desorption of gases at higher temperatures (Hu et al., 2010). The desorption of 
produced gases has a profound effect on the catalytic activity, especially since H2Se is known to 
poison catalytic surfaces, similar to H2S (Argyle and Bartholomew, 2015). For example, the 
simultaneous photocatalytic removal of nitrate and oxalic acid on Au-TiO2 results in apparent 
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activation energies of 34 and 42 kJ mol-1, respectively due to the generation and desorption of the 
CO2 gaseous product (Anderson, 2012, 2011). The ,ff for the reduction of selenate, nitrate and 
O2 in DI over TiO2 are found to be 20.96 ± 1.52 kJ mol-1, 29.34 ± 4.15 kJ mol-1 and 29.36 ± 3.71 
kJ mol-1 respectively (Figure A-6). Due to the similarities in ,ff of these three reduction reactions, 
we suggest that the most likely contribution comes from reactant adsorption and CO2 desorption, 
resulting from the oxidation of formic acid, on the TiO2 surface. Finally, the increased 
temperatures lead to decreased solubility of both H2Se and CO2 gases, which can ultimately lead 
to push the reaction forward at higher temperature, resulting in higher activation energy. 
2.4.3 Effect of FGDW matrix composition on activation energy 
Experiments were completed to test the effects of competing ions in FGDW on the ,ff of 
the reduction of selenate. The apparent activation energies for the reduction of selenate on TiO2 in 
several synthetic flue gas desulphurization wastewaters (SFGD) are shown in Table 2-1 and Figure 
2-3b. As mentioned previously, the photoreduction of selenate in DI has a relatively low ,ff of 
20.96 ± 1.52 kJ mol-1. The presence of ions in the wastewater has a large impact on both the 
apparent activation energy and the reaction rate constant. Table A-1 presents the full 
characterization of the FGDW where it can be seen that SO42-, HCO3-, Cl-, Mg2+, Ca2+ and Na+ are 
all significant ions in the FGDW with a total dissolved solids (TDS) concentration of 4.62 g L-1. 
A series of experiments were completed to understand the full effect of the co-existing ions on the 
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Table 2-1. Apparent activation energy for the reduction of selenate and major ionic components in 
varying matrix compositions of deionized water (DI), simulated flue gas desulphurization 
wastewater (SFGD), filtered (Filt.) and unfiltered (Raw) industrial flue gas desulphurization 
wastewater (FGD). 
Matrix 










DI 0 0 0 0 0 0.250 0 20.96 ± 1.52 
SFGD A 0 500 700 1,767 1,045 0.250 0 35.39 ± 4.02 
SFGD B 0 500 969 1,767 1,670 0.250 0 46.24 ± 6.83 
SFGD C 831 500 969 3,237 1,670 0.250 0 65.93 ± 4.22 
FGD Filt. 831 190 158 1,070 1,670 0.249 0 68.82 ± 7.30 
FGD Raw 831a 190a 158a 1,070a 1,670a 0.249 a 0.007 90.09 ± 6.09 
aValues represent components in the dissolved phase, filtering required for analysis 
Figure 2-3b demonstrates that ,ff increases with rising ionic strength of the SFGD. It 
should be noted that the ,ff for SFGD C and 0.2 µm filtered FGD, which have identical calcium 
and sulfate concentrations, were 65.93 ± 4.22 and 68.82 ± 7.30 kJ/mol, respectively. Filtering the 
FGD resulted in a decrease in Eaa likely due to the removal of fine particulate matter, such as 
CaSO4 and solid Se0, contributing to an inhibition of mass transfer. Both the presence of SO42- and 
Ca2+ contributed to increases in activation energy of selenate reduction. 
Anions, such as SO42-, PO43- and HCO3- have been known to specifically adsorb onto the 
surface of TiO2 (Sheng et al., 2013), competing for active sites required for selenate and formate 
for the photoreduction of Se. In addition, SO42- has been reported to contribute to photo-induced 
aggregation of TiO2 nanoparticles (Shih et al., 2012), further reducing their effective surface area 
and, consequently, photocatalytic performance. Cations, such as Mg2+, Ca2+ and Na+ can 
contribute towards aggregation of the TiO2 nanoparticles by inducing electric double layer charge 
screening, following DLVO theory, reducing the surface area of interaction and hence the reaction 
rate (Hotze et al., 2010). Similarly, Yang et al. found that the photoreduction of nitrate using TiO2 
for the regeneration of ion exchange brine was greatly inhibited by the presence of SO42- (T. Yang 
et al., 2013). 
Similarly, an increase in salt concentration can lead to a decrease in solubility of H2Se and 
CO2 gases, through a process known as salting out (Spycher and Pruess, 2005). This decreased 
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solubility allows for faster product removal at higher temperatures, through the bubbling out of 
solution which ultimately drives the reaction forward.  
2.4.4 Effect of temperature and formic acid concentration on the reduction rate 
The combined effects of both temperature and formic acid concentration on the 
photocatalytic reduction rate of selenate were also examined. Higher concentrations of formic acid 
should ultimately lead to increased &'(% -ℎ*(+   separation and higher concentrations of available 
!"#
•%radicals, increasing both reduction pathways for Se(s) to H2Se proposed in Figure 2-2. 
Response surface methodology was used to develop an empirical model for the combined effects 
of temperature and formic acid concentration on the apparent first-order rate constant of selenate 
reduction in FGDW, following a central composite design described in Table 2-2 to yield the 
results summarized in Table A-2. 
Table 2-2. Corresponding variable levels and coded variables of the experimental variables in the 
response surface study. 
Designation Factor 
Range and level 
-	√2 -1 0 1 √2 
v: Temperature (K) 279 285 300 315 321 
v# Formic Acid Concentration (mg L-1) 17 100 300 500 583 
 
The least squares regression fit of the response surface is presented in Figure 2-4, described 
by the relationship, 
wx = 1.9161 + 1.7093v1 + 0.8246v2 + 0.0283v12 − 0.2029v22 + 0.8855v1v2               (2.7)             
or described in natural variables as, 
F1--,: = 8.303 − (7.885 × 10%#)z − (8.136 × 10%#)!l{TVl + (1.730 × 10
%@)z# −
(5.121 × 10%|)!l{TVl
# + (2.952 × 10%@)z!l{TVl                                                                 (2.8) 
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Figure 2-4.  Response surface fit of the apparent first-order rate constant of photocatalytic 
reduction of selenate in FGDW as a function of temperature and formic acid concentration. 
Canonical analysis can be done to determine maxima and minima of the surface located 
outside the experimental domain, although in the case of photocatalytic water treatment, 
temperatures outside the experimental domain do not have any important physical significance 
due to the freezing and boiling points of water. ANOVA and regression diagnostics for the 
response surface are presented in Table A-3 and Figure A-7 respectively. Notably, ANOVA 
indicated the presence of a major interdependence between temperature and formic acid 
concentration with a significant v1v2 term, whereas the individual quadratic terms, v12 and v22, 
are considered insignificant in the model. 
The results of this study confirm the interdependence of temperature and formic acid 
concentration on the apparent first-order reaction rate constant. The increase in formic acid 
concentration increases the &'(% -ℎ*(+  separation, concentration of !"#
•%radicals and reaction rate 
constant as a result. However, temperatures above 12 °C must be reached to achieve any 
observable reduction of selenate. Temperatures of FGDW leaving the flue gas scrubbers can be as 
high as 60 °C due to contact with flue gas exiting the coal burner (Higgins et al., 2009). 
Temperature-enhanced treatment is a major advantage of photocatalytic reduction of selenate for 
the treatment of FGDW when compared to other treatment techniques as a result. 
  Chapter 2 
 54 
2.4.5 Selenate adsorption is a limiting factor 







                                                     (2.9) 
where } is the reaction rate, ! is the concentration of selenate, F is the reaction rate constant, Ä is 
the fraction of occupied catalyst surface sites defined by the Langmuir adsorption isotherm and É 
is the Langmuir adsorption constant. At low selenate concentrations, integration of eq. 2.9 yields 
the typical pseudo-first order equation: 
gc h{Z
{
j = FÉb = F1--,:b                                                 (2.10) 
where F1--,: is the apparent first-order rate constant and t is the reaction time. Linearizing eq. 2.9 







                                                         (2.11) 
where }H is the initial rate of reaction. 
Regression of 1 }H⁄  against 1 !H⁄  yielded F = 6.557 x 10-4 mg L-1 s-1 and É = 0.523 L mg-
1, shown in Figure 2-5a. For the typical concentrations found in FGDW, these values represent an 
adsorption-limited regime (i.e., ÉC << 1). The measured value of É is comparable to values 
previously reported for adsorption of selenate on TiO2 (Zhang et al., 2009). The adsorption-limited 
regime could be coupled with internal diffusion through the shear surface as discussed previously 
as the adsorption experiments generally do not account for the direct adsorption to an active site, 
but simply bulk adsorption to the liquid-solid interface (Muggli and Backes, 2002; Nowotny et al., 
2006).  
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Figure 2-5. (a) Langmuir-Hinshelwood plot showing the dependence of the initial photocatalytic 
degradation rate, r0, on the initial concentration of selenate, C0, and (b) Effect of TiO2 
concentration on the apparent first-order rate constant for the photocatalytic reduction of selenate 
in simulated FGDW. 
Experiments in which the concentration of TiO2 for the reduction of selenate in FGDW 
waas varied also revealed a relationship between the reaction rate and amount of TiO2 in 
suspension, shown in Figure 2-5b. The asymptotical behaviour is attributed to the decrease of UV 
transmittance caused by the increase in solid photocatalyst particles in suspension. This 
phenomenon has been observed in many studies where heterogeneous photocatalysis is used to 
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reduce contaminants by UV/TiO2 systems (Schneider et al., 2014). The relationship between TiO2 
concentration and apparent first-order reaction rate constant for the PC reduction of SeO42- in 




                                                  (2.12)   
where F1--,: is the first order apparent rate constant in cm2 photons-1,  ,/ is the photon irradiance 
in photons cm-2 s-1 and [zç"#] is the TiO2 concentration in g L-1. 
Under an adsorption-limited regime with low concentrations of SeO42-, the internal 
diffusion through the shear surface around TiO2 of both aqueous SeO42- and formate can be the 
rate determining step and highly dependent on temperature.  
The adsorption of selenate onto TiO2 and the photoreduction rate is highly dependent on 
pH (Figure 2-6). pH plays an important role in the photocatalytic reduction of selenate by 
impacting the adsorption of selenate and formate onto the surface of the photocatalyst prior to 
reduction. The adsorption of selenate onto TiO2 occurs initially through an outer-sphere complex 
and is driven by electrostatic interaction between selenate and the positively charged surface of 
TiO2 (Jordan et al., 2011). TiO2 has an isoelectric point of 5.6, thus at pH below 5.6 the surface 
becomes positively charged (McNamee et al., 2005). The lower the pH, the more positively 
charged the surface becomes, leading to higher adsorption capacity and higher photocatalytic 
reduction rate shown in Figure 2-6. At pH 6, the reduction of selenate in FGDW does not occur 
because the adsorption of selenate and formate is greatly hindered above the isoelectric point of 
TiO2. As long as the surface charge of the photocatalyst is below the isoelectric point the reduction 
can proceed with increasing rate as the surface charge increases. 
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Figure 2-6. Photocatalytic removal of selenium from simulated FGDW under varying pH. 
2.4.6 Effect of dissolved oxygen on selenate reduction 
The presence of dissolved oxygen (DO) is known to hinder the efficacy of photocatalytic 
reduction processes because it competes with the catalyst for photogenerated electrons (Peiró et 
al., 2006). Its detrimental effect was confirmed by experiments shown in Figure 2-7a. When N2 
sparging was switched to ambient air, the concentration of dissolved Se gradually increased and 
at times approached the initial concentration, suggesting the re-oxidation of elemental selenium 
by reactive oxygen species. Consequently, it was of interest to investigate the generation rates of 
superoxide and hydrogen peroxide. Hydroxyl radicals (•OH) were not probed, since they were 
assumed to be effectively scavenged by the formate ions present in solution.  
  Chapter 2 
 58 
 
Figure 2-7. (a) Effect of oxygen by varying O2 exposure times via ambient air purge on the 
photocatalytic reduction of selenate in simulated FGDW and (b) Generation curve of O2•- / •O2H 
during O2 exposure at varying temperatures with inset of fluorescent spectra of DHE probe 
molecule product after reaction with O2•- / •O2H. 
A hydrogen peroxide assay was carried out as described in Appendix A, but the generation 
of H2O2 was not observed to any appreciable extent and its role in the oxidation of Se0 back to 
SeO42- at the experimental conditions was discounted. The presence of formate did not interfere 
with the Cu/DMP method, as confirmed by separate control experiments involving spiking H2O2 
into the solution at varied concentrations. 
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Since the experimental pH values are well below the pKa of O2•- of roughly 4.8 (Abreu and 
Cabelli, 2010; Sheng et al., 2014) at which Se reduction was conducted, it was expected that 
superoxide would be mostly present in the form of the protonated hydroperoxyl radical (•O2H). 
Unlike O2•-, which has reducing properties, •O2H can act as a powerful oxidant in many reactions. 
A growing fluorescence signal was observed during air sparging when excited at 480 nm, which 
was not observed during nitrogen sparging, as depicted in the inset of Figure 2-7b. The use of 
superoxide dismutase (SOD) at a loading of 600 U mL-1 diminishes the fluorescence signal by 
40%, which can be explained by most of the superoxide being protonated.  
Finally, the effect of temperature on the production of hydroperoxyl radical was used to 
probe the activation energy of the electron transfer from TiO2 to O2, similar to the electron transfer 
to selenate. Figure 2-7b illustrates the increase in production rate of hydroperoxyl radicals with 
the increase in temperature. The apparent activation energy (,11) was calculated to be 23.21 ± 
1.93 kJ/mol. Which is comparable to the ,11 experimentally determined for the photocatalytic 
reduction of selenate and nitrate in DI to be, 23.24 ± 3.64 kJ/mol and 27.67 ± 4.08 kJ/mol 
respectively. 
2.4.7 Proposed reduction mechanism 
As shown in Figure 2-2a, from the energy potentials of conduction bands (CB) of Se (-1.71 
V vs. SHE), rutile TiO2 (-0.28 V vs. SHE) and anatase TiO2 (0.12 V vs. SHE), only Se is more 
negative than the standard potential of the Se0/Se2- redox couple (-0.6 V vs. SHE) from the energy 
potentials of the valence bands (VB) of Se (0.24 V vs. SHE), rutile TiO2 (2.72 V vs. SHE) and 
anatase TiO2 (3.32 V vs. SHE), only anatase and rutile TiO2 are more positive than the standard 
potential of the OH•/H2O redox couple (2.7 V vs. SHE). In this regard, the reduction of Se0 to H2Se 
is likely occurring at the CB of Se or by the produced carboxyl radicals while the oxidation of the 
electron hole scavenger formic acid would occur at the VB of TiO2. In a direct Z-scheme 
photocatalytic system, shown in Figure 2-2b, upon simultaneous light excitation, both Se and TiO2 
phases can generate excited e--h+ pairs. The excited electrons from the CB of rutile TiO2 can 
transfer to combine with the photogenerated holes of Se and preserve the electrons with stronger 
reducibility in the CB of Se and holes with stronger oxidizability in the VB of TiO2 (Nosaka and 
Nosaka, 2016b; Xu et al., 2018). The TiO2 (P25, Aeroxide) used in this study is known to be a 
mixed-phase crystalline combination of rutile and anatase, with >80% anatase and the remainder 
rutile and amorphous. It is postulated that the accumulation of electrons in the interior of TiO2, a 
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n-type semiconductor, and the accumulation of holes in Se, a p-type semiconductor, could set up 
an electric field directed from the bulk of Se towards the bulk of TiO2.  
The following sequence of elementary reactions is the proposed mechanism of 
photoreduction of SeO42-: 
zç"# + ℎé → ℎ*(,iãT#
+ + &'(,iãT#%                                        (2.13) 
?&H + ℎé → ℎ*(,S0
+ + &'(,S0%                                             (2.14) 
E!""E + 2ℎ*(,iãT#
+ → !"# + 2E+ + 2&%                                 (2.15) 
E#" + ℎ*(,iãT#
+ → E"• + E+                                             (2.16) 
E!""E ↔ E!""% + E+                                                  (2.17) 
E!""%1~I + ℎ*(,iãT#
+ → !"#
•% + E+                                       (2.18) 
E!""% + E"• → !"#
•% + E#"                                             (2.19) 
!"#
•% + &'(,iãT#% → !"# + 2&'(,iãT#
%  (Current-doubling effect)                 (2.20) 
?&"@
#% 	+ 8E+ 	+ 6&'(,iãT#% 	↔ 	?&H + 	4E#"                                  (2.21) 
?&H + 2E+ 	+ 2&'(,S0% 	↔ E#?&                                            (2.22) 
?&H + 2E+ 	+ 2!"#
•% 	↔ E#?& + 2!"#                                       (2.23) 
During the oxidation of formic acid, either directly through an electron-hole on the TiO2 
surface (eq. 2.18) or through reaction with a hydroxyl radical (eq. 2.19), a carboxyl radical (!"#•%) 
is produced. The produced carboxyl radical can decay in different ways: injection of its free 
electron into the CB of TiO2 (eq. 2.20, known as the current doubling effect (Yang et al., 2015)), 
transfer of an electron to reduce Se0 to H2Se (eq. 2.23) or transfer of an electron to one of the many 
other electron acceptors present in FGDW. As mentioned previously, the reduction of Se0 to H2Se 
(-0.6 V vs. SHE) is thermodynamically possible through direct transfer of eCB,Se- (-1.71 V vs. SHE) 
or by the carboxyl radical (-2.0 V vs. SHE). The carboxyl radical pathway can be affected greatly 
by the presence of species competing for adsorption sites on the TiO2 surface. In the presence of 
sulfate, the surface anionization can lead to weakening of the interaction between !"#•% and TiO2, 
inhibiting the current doubling effect, but increasing the amount of !"#•% available to react with 
Se0 (Sheng et al., 2013). This is a possible explanation for the constant H2Se generation observed 
in Figure 2-1, a marked deviation from selenate reduction in DI water treatment experiments. In 
the case of DI water selenate reduction, the presence of a two-stage reduction may be due to the 
fact that !"#•% is reacting with the CB of TiO2 towards the current-doubling effect and unavailable 
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for reduction of Se0 until selenate is completely removed (Tan et al., 2002). Tan et al. have shown 
that formic acid is the most effective organic electron hole scavenger, which may be due to the 
current-doubling effect observed with only formic acid (T.T.Y. Tan et al., 2003a). 
2.5 Conclusions 
This study investigated the feasibility of photocatalytic reduction using TiO2 to remove 
selenate from FGDW and analyzed the complex kinetic factors influencing the rate of reaction. 
Photocatalytic reduction using TiO2 can effectively remove selenate from both simulated and 
industrial FGDW. A direct Z-scheme photocatalyst arrangement between photodeposited Se and 
TiO2 allows for the preservation of electrons with stronger reducibility in the CB of Se and holes 
with stronger oxidizability in the VB of TiO2. High levels of Ca2+ and SO42- contribute to a high 
apparent activation energy. Due to the high temperatures of effluent FGDW this is advantageous, 
resulting in a more efficient treatment as compared to conventional Se removal techniques which 
require heat removal prior to Se removal via biological reduction. In the presence of dissolved 
oxygen, the reduction of selenate is reversed through the re-oxidation of elemental Se by 
photogenerated hydroperoxyl radicals. Minimal selenite was generated as an intermediate as 
selenate was reduced directly to elemental Se and H2Se gas. The major reduction product is H2Se 
gas as the reduction of selenate proceeds to completion. With safety considerations, the proper 
handling of H2Se gas products is a critical step in the process engineering design of a fully 
integrated treatment system. Furthermore, given that photocatalytic reduction of selenate presents 
a robust and effective Se removal technique capable of removing Se to below 1 ug/L, further 
investigation into other industrial sectors producing Se impacted water such as mining, agriculture 
and photovoltaics is of great interest. 
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3  Factors affecting kinetics of photocatalytic reduction of selenate 
over TiO2 in mine impacted water 
 
This chapter is modified from: 
 
Holmes, A.B., Giesinger, K., and Gu, F. (in preparation). Factors affecting kinetics of the 
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3.1 Summary 
Photocatalytic reduction on TiO2 is a promising non-biological technique for selenate 
removal from mine-impacted water (MIW) to remove Se from > 500 to < 1 µg L-1. Selenate 
reduction is most effective at low pH (< PZCTiO2 = 5.6-6.2), higher temperatures (between 20-
60°C) and in a low dissolved oxygen (DO) environment (< 3.5 mg/L DO). A TiO2 catalyst dose 
of 0.5 g/L was found optimal for selenate reduction. The effect of various electron hole scavengers 
was studied to determine the optimal type and concentration range leading to fast selenate 
reduction. Total Se photoreduction was achieved with all tested electron hole scavengers and found 
to increase in rate in the following order: acetic acid < ethanol < methanol < glycerol < formic 
acid. Marginal differences in the selectivity of Se0 or H2Se formation were observed with glycerol 
and formic acid as both favour the generation of H2Se under the conditions studied. During the 
selective photocatalytic reduction of selenate in MIW, the organic hole scavenger is added in 
excess (300-600 mg/L) to allow for faster kinetics. Most of the organic hole scavenger remains in 
solution after the Se is largely removed and may subsequently be utilized for downstream 
denitrification as an electron donor. 
3.2  Introduction 
The introduction of selenium (Se) into aquatic ecosystems through anthropogenic activity 
is a rising global concern (Tan et al., 2016).  Industrial activity such as the mining and smelting of 
metal ores, mining and combustion of coal, oil extraction and refining, and agricultural activities 
on seleniferous soils, disturb subsurface Se-rich deposits and introduce Se into surface aquatic 
environments (Hopkins et al., 2013; Schiavon and Pilon-Smits, 2017). Se is an essential nutrient 
for animals and humans, although it has a very narrow therapeutic window between deficiency 
and toxicity (El-Ramady et al., 2015). The most common soluble forms of Se found in the surface 
environment are the toxic Se oxyanions selenate (SeO42-) and selenite (SeO32-), which require 
reduction to the less soluble, biologically inert, elemental Se (Se0) and selenides (MnSe, H2Se, etc.) 
for the removal from water.  
Mine-impacted water (MIW) rich in Se is produced when natural sources of water 
drainage, such as rain and snowmelt, infiltrate into waste rock piles and tailings on an operating 
or abandoned mine. The composition of this water depends heavily on the geology of the 
underlying deposit and the overlying strata. MIW can contain varying concentrations of dissolved 
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constituents from the underlying strata, such as sulfate, carbonate, nitrate, selenate and many 
dissolved metals (Nordstrom et al., 2015). Mine drainage can be acidic to alkaline, whereas areas 
high in carbonate content have near-neutral mine drainage (NMD) because H+ ions produced from 
pyrite oxidation are neutralized by excessive carbonates naturally occurring in the overburden or 
added to the valley fill (Giam et al., 2018). Under these near-neutral conditions, dissolved Se is 
commonly found in its fully oxidized selenate form, a highly bioavailable and mobile compound 
in the environment (Fan et al., 2015). 
Several conventional reduction processes can mitigate Se contamination of MIW including 
direct chemical amendment (Santos et al., 2015), reverse osmosis (Richards et al., 2011), 
adsorption (Rovira et al., 2008) and biological treatment options such as constructed wetlands 
(Martin et al., 2018) and bioreactors (Y. V. Nancharaiah and Lens, 2015). Bioreactors have been 
successfully implemented as a method for Se removal from MIW on a pilot-and full-scale (Lenz 
et al., 2008; Luek et al., 2014). However, challenges remain for the disposal and stability of Se 
contaminated bioreactor sludge (Mal et al., 2017, 2016), microbial community start-up time and 
toxicity of effluents due to the possible production of organo-selenium compounds such as 
selenomethionine (LeBlanc and Wallschläger, 2016).  
Photocatalytic reduction on semiconductor materials, mainly titanium dioxide (TiO2), has 
shown great potential for removal of several contaminants of interest such as nitrate (Marks et al., 
2016; Shaban et al., 2016; Sun et al., 2016), nitrite (Luiz et al., 2012), chromate (Choi et al., 2017), 
bromate (Xiao et al., 2017), perchlorate (Jia et al., 2016) selenite (Nguyen et al., 2005b) and 
selenate (T.T.Y. Tan et al., 2003a; Leshuk et al., 2018; Holmes and Gu, 2016). Upon irradiation 
of a photocatalyst with high-energy light, electrons are excited into the conduction band (&'(% ) and 
electron holes form in the valence band (ℎ*(+ ). An electron acceptor capturing the &'(%  is reduced 
while an electron donor reacting with the ℎ*(+  is oxidized, whereas the semiconductor catalyst 
remains unchanged. In the case of Se removal, the photogenerated &'(%  can reduce SeO42- to Se0 or 
H2Se under the right conditions. Utilization of an electron hole scavenger, an easily oxidizable 
organic material, such as methanol, ethanol, or formic acid, can limit the recombination of the &'(% -
ℎ*(
+  pairs, thus markedly increasing the efficacy of reduction, through mediating the transfer of 
electrons to selenate to reduce the oxidation state of Se.  
Recently, many studies have attempted to use photocatalytic methods to treat complex 
wastewaters such as MIW, while investigating the impacts of dissolved species such as sulfate, 
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carbonate, nitrate, heavy metals and many others (Rioja et al., 2016; Choi et al., 2014; T. Yang et 
al., 2013). These studies investigated how the mechanisms of reactant adsorption and product 
desorption from the photocatalyst can be affected by a complex water matrix and highlight the 
challenges faced when photocatalysis is to be implemented in real complex water applications. 
Many previous studies investigating the photocatalytic reduction of selenate and selenite were 
primarily conducted in DI solutions prepared with Se oxyanion salts (Kikuchi and Sakamoto, 
2000; Labaran and Vohra, 2014; Nguyen et al., 2005b; T.T.Y. Tan et al., 2003b, 2003a). Nakajima 
et al. investigated the photocatalytic reduction of selenate in simulated flue gas desulphurization 
wastewater (FGDW), a complex wastewater with many anions and cations, and observed a 
considerable inhibition of the reduction rate in the presence of sulfate (Nakajima et al., 2013, 
2011). The studies suggested that selenate in simulated FGDW could not be removed by 
photocatalytic reduction due to the excess concentration of SO42- which competes for adsorption 
sites on TiO2 with selenate. Our recent study (Chapter 2), on the photocatalytic reduction of 
selenate in real FGDW revealed that the mechanism of adsorption and photocatalytic reduction of 
selenate changes considerably, although we were able to remove selenate to less than 1 µg/L in 
the complex wastewater matrix. Thermally activated simultaneous generation of elemental 
selenium (Se0) and hydrogen selenide (H2Se) through consecutive first-order reductions was 
proposed under a direct Z-scheme photocatalyst arrangement between photo-deposited Se and 
TiO2. 
Herein, the authors investigate the photocatalytic reduction of selenate over TiO2 in mine-
impacted water (MIW); focusing on various factors that impact the kinetics of reduction including: 
pH, temperature, dissolved oxygen, concentration of catalyst, electron hole scavenger type and 
concentration and MIW pre-treatments. The primary goal of this work is to understand the 
conditions which optimize the removal of selenate in MIW. Given that treatment of MIW is unique 
depending on the water source, parameters for Se treatment were independently investigated to 
understand the kinetic effects of varying parameters and envision a photocatalytic Se removal 
process within an overall water treatment system. 
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3.3  Materials and Methods 
3.3.1 Materials 
Mine-impacted water (MIW) was received from an operating mine in North America and 
stored at 4 °C in the dark. Titanium dioxide nanoparticles (Aeroxide P25, ~10-50 nm particle 
diameter, 55 m2 g-1 surface area, Acros) were used as received. P25 TiO2 nanoparticles have been 
extensively studied and characterized in the literature and are often used as a benchmark 
photocatalyst. Formic acid (ACS reagent, 97%, Alfa Aesar) was used as an electron hole 
scavenger. Sodium selenate (<0.1% impurities, BioXtra, Sigma-Aldrich), calcium sulphate 
(anhydrous, ACS reagent >96%, Sigma-Aldrich), sodium chloride (reagent grade, Sigma-Aldrich), 
sodium nitrate (>99%, ReagentPlus, Sigma-Aldrich), hydrochloric acid (37%), and sodium 
hydroxide (ACS grade, Sigma-Aldrich) were used to simulate MIW for more controlled 
experiments. 
3.3.2 Photocatalytic reduction of selenate experiments 
The photocatalytic reactor apparatus consists of an air tight stainless-steel reactor vessel of 
1.0 L capacity with a quartz window through which UV was irradiated onto the mixing TiO2 
suspension. TiO2 nanoparticles (0.2 g/L) were stirred into 400 mL of MIW in a 
polytetrafluoroethylene (PTFE) beaker (76 mm diameter) along with an electron hole scavenger 
for the reduction reaction. The air-tight stainless-steel vessel with a quartz window was purged by 
bubbling N2 gas throughout the reaction to remove any H2Se gas generated and flowing through 
two subsequent liquid scrubbers of CuSO4 and NaOH, respectively (Sanuki et al., 1999; T.T.Y. 
Tan et al., 2003b). The TiO2-MIW suspension was stirred in the dark under a N2 gas purge for 1 h 
to attain adsorption-desorption equilibrium of the inorganics with the TiO2 surface as well as to 
remove dissolved oxygen, and then placed in the photoreactor and exposed to UV light while 
stirring. Filtered and unfiltered 5 mL aliquots were sampled periodically to measure the dissolved 
and total Se concentrations, respectively. The reactor vessel was exposed to UV light using a UVA 
fluorescent bulb that was filtered to only supply UVA (l = 365 nm) light (Blak Ray B-100A 95-
0044-22). The UV intensity (IUV) at the height of the solution-air interface within the vessel was 
11.03 mW/cm2 (measured with a UVA/B light meter, Sper Scientific, NIST certified calibration). 
The energy dosage was varied instead of operating time to make our results comparable with other 
photocatalytic studies. The energy reported on the x-axis, in units of kWh/m3, is the received 
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energy by the suspension, not the electrical energy required by the UV lamp. Due to low 
conversion efficiencies of medium pressure UV lamps the required energy will be more depending 
on the conversion efficiency of the UV lamp being utilized in the reactor set-up. 
3.3.3 Analysis 
Se concentration was determined in accordance with the U.S. EPA suggested Se 
determination technique (APHA 2009, Method 3114B/C) using Hydride Generation Inductively 
Coupled Plasma Optical Emission Spectroscopy (HG-ICP-OES, Teledyne Prodigy ICP and Cetac 
HGX-200 advanced membrane hydride generation system, LOD = 1 µg L-1). Both dissolved and 
total Se were determined by HG-ICP-OES following acid digestion protocol U.S. EPA Method 
3050B (U.S. EPA, 1996). The insoluble Se fraction (considered to be elemental Se) present in the 
water was calculated by the difference of total and dissolved Se concentrations. Gaseous H2Se was 
calculated from the difference between the initial total Se in the water and total Se in the TiO2 
suspension after UV exposure. Based on several past studies on photocatalytic reduction of 
selenate on TiO2 (Nguyen et al., 2005b; Sanuki et al., 1999; T.T.Y. Tan et al., 2003a), the gaseous 
Se species is assumed to be H2Se, although the direct identification of gaseous Se species is a 
challenging task (Kot and Namiesńik, 2000; Uden, 2002). Analytical chemistry of Se is currently 
a developing field with researchers looking into new and improved approaches to measure gaseous 
and solid Se species concentrations (Santos et al., 2015).  
Dissolved oxygen content was determined through the use of a lab-bench probe (Thermo 
Scientific Orion Star A213 benchtop meter). Total organic carbon (TOC, APHA 5310B, 
combustion temperature 800 °C), chemical oxygen demand (COD, APHA 5220D), biochemical 
oxygen demand (BOD, APHA 5210B), anion concentration by ion chromatography (bromide, 
chloride, fluoride, nitrate, nitrite and sulfate, EPA 300.1), total ammonia (Watson et al., 2005), 
speciated alkalinity (as CaCO3, EPA 310.2), and total and dissolved metals by inductively coupled 
plasma mass spectrometry (ICPMS, EPA 200.2/6020A and APHA 3030B/6020A) were measured 
according to standard methods by ALS Environmental (Calgary, AB, Canada), a laboratory 
certified by the Canadian Association for Laboratory Accreditation (CALA) according to 
international standards (ISO 17025). Total and dissolved Se concentrations measured at the 
University of Waterloo were confirmed by ALS Environmental on a number of analytical checks. 
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3.4 Results and Discussion 
3.4.1 Reduction of selenate to solid Se0 and gaseous H2Se in MIW 
Photocatalytic experiments were conducted to investigate the speciation of Se during the 
Se removal in MIW to better understand the mechanism of Se removal. Figure 3-1 presents the 
effect of incident UVA energy on SeO42-, Se0 and H2Se concentrations resulting from 
photoreduction of selenate in MIW over TiO2. The photocatalytic reduction of SeO42- undergoes 
a two-step reaction outlined in eq. 3.1 & 3.2, with the reduction of SeO42- to Se0 followed by further 
reduction to H2Se. 
 
Figure 3-1. Effect of incident UVA energy on the photocatalytic reduction of selenate in mine 
impacted water over TiO2 using formic acid as an electron hole scavenger. (Reaction conditions: 







			?&H(I) + 	4E#"   (E0 = 0.5 V vs. SHE)                (3.1) 
?&H(I) + 4E+ 	+ 2&'(
% 		F#
→
	E#?&(L)   (E0 = -0.6 V vs. SHE)                           (3.2) 
 Both products of selenate reduction, H2Se and Se0, are removed from the MIW solution 
through the gas phase with N2 purging and from the solid phase by filtering the catalyst from the 
suspension, respectively. The photocatalytic reduction of Se in MIW was able to lower 
concentration to less than 2 µg L-1 Se in the treated effluent after 2.0 kWh/m3 of incident energy. 
At lower energies, nearly equal amounts of H2Se and Se0 are produced. Once the selenate is largely 
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removed from solution, the solid Se0 starts to convert to gaseous H2Se and is then removed from 
the system. The colour of the catalyst that is filtered out of solution changes from its native white 
(colour of TiO2) to red-pink (colour of solid elemental Se) during the first stage of reduction 
between 0 and 2.0 kWh/m3, and then slowly changes back to white at higher energies. Thus, during 
the first stage of reduction selenate is being reduced to elemental Se (eq. 3.1), which is being 
deposited onto the surface of TiO2. After near exhaustion of selenate from solution, at around 2.0 
kWh/m3, the elemental Se on the surface of TiO2 is further reduced to H2Se gas and removed from 
solution (eq. 3.2).  
A follow-up experiment was conducted to determine the stability of the intermediate solid 
Se0 half-way through the complete removal of selenate from MIW (Figure 3-2). The MIW and 
TiO2 suspension was exposed to UV for 1 hour (1.13 kWh/m3), followed by a 5-hour period of 
dark mixing, while the total Se and dissolved Se were measured every hour. Figure 3-2 shows the 
selenate concentration reduces from 542 µg/L to around 200 µg/L during the initial 1 hr of UV 
exposure and holds at approximately 200 µg/L for the remainder of the dark mixing period. The 
amount of solid Se0 produced during the 1 hour of UV exposure holds steady over the next 2.5 
hours of dark mixing and begins to slowly decrease from 2.5 to 5 hours of dark mixing, accounting 
for a 30% reduction of solid Se0. It is postulated that during this time the solid Se0 is reduced to 
H2Se(g) through thermal excitation of the valence band electrons in the Se0 due to thermally 
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Figure 3-2. Partial photocatalytic reduction of selenate in MIW, with 1 hour of UV exposure, 
followed by 5 hours of dark mixing to determine the stability of selenate and solid Se0 (Reaction 
conditions: 300 mg/L glycerol, 0.2 g/L TiO2, pH 4.5, 37C). 
3.4.2 Effect of solution chemistry on selenate removal by TiO2 
3.4.2.1 Effect of pH 
The acidity or basicity of mine-impacted water drainage depends heavily on the geology 
of the underlying deposit and the overlying strata (U.S. EPA, 2011). Mine drainage is neutral to 
alkaline in some areas in North America because H+ ions produced from pyrite oxidation are 
neutralized by carbonates naturally occurring in the overburden or added to the valley fill (Giam 
et al., 2018; Petty et al., 2010). As a result of the high carbonate concentrations, the incoming pH 
of mine-impacted water tends to be neutral to alkaline, which influences the photocatalytic 
reduction process significantly.    
pH is known to highly influence the photoreduction process of selenate due to the outer-
sphere complexes formed between TiO2 and the selenate anion (Jordan et al., 2011). Given the 
point-of-zero charge (PZC) of TiO2 (PZC = 5.6-6.2 (Jiang et al., 2008; Suttiponparnit et al., 2010)), 
the zeta potential is positive at pHs under ~6. Under these acidic conditions, anionic selenate is 
electrostatically attracted to the positively charge TiO2 surface. This attraction contributes to a 
stronger outer-sphere adsorption of selenate, which is a key first step in the photocatalytic 
reduction process. Thus, we studied the effect of pH on the photocatalytic reduction of selenate in 
MIW. Experiments were conducted under controlled pH conditions, using the same concentration 
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of electron hole scavenger for each trial, followed by pH adjustment with either NaOH or HCl to 
maintain the desired pH throughout the entire experiment. Figure 3-3 presents the experimental 
results of this study, showing that the extent of selenate reduction decreases with increasing pH 
(pH range 3.5-6.6). When the pH of the solution is raised above the PZC of TiO2, the reaction 
markedly slows, resulting from the inhibition of electrostatic-mediated outer-sphere adsorption of 
selenate onto TiO2.  
 
Figure 3-3. Selenate removal from mine impacted water using formic acid as an electron donor 
under varying pH. (Reaction conditions: 300 mg L-1 formic acid, 0.2 g/L TiO2, 37 °C) 
Experiments without pH control were also conducted at different initial pH of the solution. 
Under these conditions, the reduction of selenate was completely inhibited above an initial pH of 
5.0, likely due to the pH rise during the photoreduction (Figure B-1). At a pH0 of 5.0, 
photoreduction begins in a similar manner to that presented in Figure 3-3; however after 1 kWh/m3 
of UV exposure the reaction suddenly stops and no more Se is removed from solution. At a pH0 
of 5.5, photoreduction fails to remove any Se from the MIW. These experiments suggest that the 
pH of the solution increases during either dark adsorption or UV exposure. Control experiments 
were conducted to determine the nature of pH variation throughout the reduction of selenate. When 
the electron donor formic acid is added at concentrations of 300 and 100 mg/L, initial pH of the 
MIW drops from ~8.5 to 4.5 and 5.5, respectively. An additional amount of HCl was then added 
to the solution of 100 mg/L formic acid to bring the pH0 to 4.5 and maintain similar initial reaction 
kinetics. The photocatalytic reduction of selenate proceeded similarly to when pH was controlled, 
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although the pH increased substantially more in the case of 100 mg/L formic acid (Figure B-2). 
The pH increase is likely due to the abstraction of H+ ions from solution for the production of 
reduction products such as H2Se. The oxidation of formic acid to CO2 is minimal throughout the 
reaction (< 3%), as indicated by TOC concentration measurements before and after the reaction 
and thus not likely a major cause of increasing pH.    
 
3.4.2.2 Effect of temperature 
Experiments were completed to investigate the effects of temperature on the reaction 
kinetics for the reduction of selenate in MIW. The Arrhenius plot of the apparent first-order rate 
constants (inset of Figure 3-4) was used to calculate an apparent activation energy (,ff) of 31.83 
± 7.07 kJ mol-1 for the reduction of selenate in MIW, using formic acid as an electron donor. The 
respective Se removal curves at each temperature are given in Figure B-3. The existence of a high 
apparent activation energy was documented in Chapter 2, although the activation energy of MIW 
is smaller than the 90.09 kJ mol-1 found for the treatment of FGD wastewater. This is likely due to 
the fact that the TDS of this MIW is much lower at 2.25 g/L compared to the 4.62 g/L in FGD. 
The conclusion from our previous work is that the high TDS or ionic strength of the wastewater 
(primarily from Ca2+ and SO42-) leads to a higher apparent activation energy of the photocatalytic 
reaction. Thermally accessible defects in photo-deposited Se(s) cause greater electron excitation at 
higher temperatures, while high levels of Ca2+ and SO42- contribute to a high ,11 caused by bend 
bending at the electrolyte-catalyst interface. 
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Figure 3-4. Apparent first-order rate constant as a function of reaction temperature for the 
photocatalytic reduction of selenate in MIW with inset Arrhenius plot. (Reaction conditions: 300 
mg L-1 formic acid, 0.2 g/L TiO2, pH 4.5). 
 Total mass balances were completed during experiments in order to investigate the role 
temperature plays on the generations of, Se(s) and H2Se(g). Figure B-4 contains Se mass balances 
throughout the photoreduction of selenate from MIW at four temperature (12 °C, 27 °C, 37 °C and 











                                               (3.3) 
The only possible reduction products are Se(s) and H2Se(g), thus the selectivity of H2Se(g) is 
simply calculated as 1 − ?ê?&(I)H ëP. Table 3-1 highlights the maximum percent of Se(s) generation 
(calculated by [Se(s)]t / [SeTotal]0) during the run and the initial selectivity of solid Se. At lower 
temperatures, the selectivity of the solid Se product is much higher and more Se(s) is generated 
during the reaction. Se(s) is an intermediate product, which is further reduced to H2Se(g), hence at 
lower temperatures this second reaction (Outlined in Eq. 3.1) is inhibited. The kinetics of the 
overall reaction is slower as well (Figure B-4), at lower temperatures leading to increased reaction 
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12 56.3 % 78.9 % 
27 38.8 % 45.2 % 
37 40.0 % 53.4 % 
47 32.6 % 44.5 % 
 Within Se-TiO2 photocatalytic systems, the large temperature dependence arises for two 
main reasons: intrinsic semiconductor properties and solution film mass transport associated with 
adsorption of reactants and desorption of products. To explain the former, the photodeposited Se0 
contains thermally accessible defects which reduce the bandgap of Se, allowing for greater electron 
excitation at higher temperatures (Kasap et al., 2015). The simultaneous inhibition of the overall 
reduction reaction and the increase in selectivity to Se(s) suggests that the reduction of Se(s) to 
H2Se(g) is a bottleneck at lower temperatures. This result reinforces the theory of thermally 
accessible defects within amorphous Se which allow the second reaction and therefore the entire 
selenate reduction to proceed at a faster rate at higher temperatures. A threshold temperature 
appears to occur between 12°C and 27°C, above which an increase in temperature has much less 
of an effect on the reaction rate. 
3.4.2.3 Effect of dissolved oxygen (DO) 
Selenate removal from MIW via photocatalytic reduction on TiO2 was compared for five 
different durations of nitrogen (N2) purge of 0, 5, 10, 20 and 60 minutes, which resulted in initial 
dissolved oxygen (DO) concentrations of 6.3, 5.0, 3.8, 3.3 and 2.7 mg/L, respectively. As shown 
in Figure 3-5, selenate removal by photocatalytic reduction required 3.3 mg/L DO or lower to 
achieve effective Se removal. O2 is known to react with photogenerated electrons in the conduction 
band of TiO2, forming superoxide radicals (O2•-), and at low pH the protonated hydroperoxyl 
radical (•O2H), a very powerful oxidant (Turolla et al., 2015). The •O2H radical can oxidize 
elemental Se(s) back to selenate, greatly inhibiting the reaction. Throughout the photocatalytic 
reaction DO is decreasing, indicating the conversion of molecular oxygen into redox byproducts, 
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see Figure B-5. During the 5 and 10 min N2 purge experiments the DO concentrations initially 
exceeds the required 3.3 mg/L. However, as the UV exposure progresses, the DO in both 
experiments drops down to 2.6 and 2.5 mg/L, respectively. Although the DO dipped below the 
threshold concentration to initiate the selenate reduction reaction, the reaction still did not proceed. 
It is postulated that the produced •O2H generated under the initial UV exposure, is responsible for 
an oxidizing environment which inhibits selenate reduction regardless of final DO concentration.  
 
Figure 3-5. Selenate removal from mine impacted water using formic acid as an electron donor 
with varying N2 purge times which result in varying concentrations of dissolved oxygen or the 
addition of the oxygen scavenger, Na2SO3. (Reaction conditions: 300 mg L-1 formic acid, 0.5 g/L 
TiO2, 37 °C, pH 4.5) 
 N2 purging is an effective method of DO removal in a laboratory environment but is not 
practical for many large industrial applications. Industrial scale DO removal techniques include 
membrane contactors, cold water vacuum deaeration, hot water stripping deaeration and the use 
of oxygen scavengers (Pabby et al., 2008). The most commonly used oxygen scavenger for low 
pressure systems is sodium sulfite (Na2SO3) which reacts with low concentrations of oxygen to 
form sodium sulfate (Na2SO4). An experiment was conducted to demonstrate selenate reduction 
in MIW utilizing Na2SO3. A dose of 104 mg/L Na2SO3 was added to achieve an initial DO level 
of 2.2 mg/L, sufficiently below the concentration threshold of 3.3 mg/L determined previously 
through the N2 purge experiments. The reduction of selenate in this trial was slower than that 
during the 20 and 60 min N2 purge times, even though the initial DO concentrations were much 
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lower. This is likely a result of the interaction between TiO2 and sodium sulfite and sulfate prior 
to UV exposure. Both sulfite and sulfate are known to adsorb effectively to TiO2 surfaces and 
compete for adsorption sites with selenate (Sheng et al., 2013; T. Yang et al., 2013). 
3.4.2.4 Effect of concentration of catalyst 
The removal of selenate under varying concentrations of TiO2 was investigated within a 
working range of 0 - 1.0 g/L TiO2 in suspension. As observed in Figure 3-6, selenate removal 
increases with increasing TiO2 concentration, but the rate increase flattens out at higher TiO2 
concentrations, to yield a maximum reduction rate constant of 5.13´10-3 s-1. The asymptotical 
behaviour is attributed to an increase in scattering phenomena caused by the increase in solid 
photocatalyst particles in suspension. This phenomenon has been observed in many studies where 
heterogeneous photocatalysis is applied to reduce contaminants by UV/TiO2 systems (Fotiou et 
al., 2015; Valari et al., 2015). The relationship between TiO2 concentration and apparent first-
order reaction rate constant for the photocatalytic reduction of SeO42- in MIW can be adequately 




                                                      (3.4)   
where F1--,: is the first order apparent rate constant in s-1,  úùû is the intensity of UV light in mW 
cm-2 (for our experiment úùû = 11.03 mW cm-2) and [zç"#] is the TiO2 concentration in g L-1. 
 
Figure 3-6. Apparent first-order reaction rate constants for the reduction of selenate in mine 
impacted water as a function of TiO2 concentration. (Reaction conditions: 300 mg L-1 formic acid, 
37 °C, pH 4.5) 
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3.4.2.5 Effect of electron hole scavenger 
The effects of various organic electron hole scavengers (methanol, ethanol, acetic acid, 
glycerol and formic acid) were investigated to determine the optimal photocatalytic reduction rates 
of selenate in MIW. As shown in Figure 3-7, the use of 300 mg L-1 formic acid achieves the fastest 
Se removal rate. Se photoreduction was achieved with all tested electron hole scavengers with 
increasing Se removal rates in accordance to the following order: acetic acid < ethanol < methanol 
< glycerol < formic acid. All experiments were initially completed at a nominal concentration of 
300 mg L-1, however in the instance of acetic acid, ethanol and methanol the photoreductions were 
quite slow and their concentrations were increased to 800 mg L-1 to better characterize the 
reduction kinetics.   
 
Figure 3-7. Selenate reduction in mine impacted water while using various electron hole scavenger 
types and concentrations. (1) 300 mg L-1 formic acid, (2) 800 mg L-1 methanol, (3) 800 mg L-1 
ethanol, (4) 800 mg L-1 acetic acid, (5) 300 mg L-1 acetic acid and 100 mg L-1 formic acid, (6) 100 
mg L-1 formic acid, and (7) 800 mg L-1 glycerol. (Reaction conditions: 0.2 g/L TiO2, 37 °C, pH 
4.5) 
Previous studies investigating the effect of organic hole scavengers on the photocatalytic 
reduction of selenium oxyanions, found a similar trend for the order of increasing Se removal rates 
with electron hole scavengers of ethanol < methanol < formic acid (T.T.Y. Tan et al., 2003a). 
Reasons for formic acid being the most efficient hole scavenger are its ability to compete with the 
selenate ion, and most likely sulfate ions, for the TiO2 surface sites, its rapid mineralization and 
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ability to form reducing radicals, such as !"#•	%.  Tan et al. reported no Se photoreduction with the 
use of acetic acid, whereas our study showed acetic acid capable of reducing some selenate (Exp. 
4 in Figure 3-7). The experiments were done under very similar operating conditions, with the 
exception of a higher concentration of Se in the water being treated (20 ppm Se(VI)) in the work 
done by Tan et al. It is likely that under excess concentration of selenate, acetic acid is incapable 
of competing for adsorption sites on the surface of TiO2 and thus rendered ineffective at 
scavenging electron holes.  
Photocatalytic reduction can selectively remove Se from MIW containing many other 
competing ions in the complex real water source (as shown in Figure 3-8c & f). As a result, it may 
be advantageous to couple photocatalytic Se removal with biologic nitrate reduction to meet the 
effluent limit guidelines for both Se and nitrate. This offers many advantages over conventional 
biological reduction of both selenate and nitrate, namely no formation of organic selenium species, 
such as selenomethionine and other discrete organic Se species with a potentially increased 
bioavailability (LeBlanc and Wallschläger, 2016). During selective Se removal in the presence of 
nitrate, most of the organic hole scavenger remains in solution after Se is largely removed (as 
shown in Figure 3-8c & f). Therefore, the residual organic scavenger can subsequently be utilized 
in downstream denitrification. The denitrification process would convert the electron donor to CO2 
in the final biological step so no residual organics species would have to be removed further 
downstream. 
The removal of Se prior to biological nitrate removal has numerous advantages: (1) no Se 
contamination of the bioreactor sludge; (2) biological process can be designed for denitrification 
only; (3) generation of a recoverable, concentrated Se-containing residual; and (4) compatible 
electron donors can be used for both photocatalytic and biological processes. 
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Figure 3-8. Selenate reduction in MIW using 300 mg L-1 formic acid (a-c) and glycerol (d-f) as 
electron hole scavenger. (a/d) Se mass balance, (b/e) Se percentage speciation, and (c/f) 
Concentrations of nitrate, sulfate and organic carbon during selenate photocatalytic reduction. 
(Reaction conditions: 0.2 g/L TiO2, 37 °C, pH 4.5) 
The primary electron donors used for biological denitrification are acetic acid, glycerol, 
methanol and ethanol (Bill et al., 2009; Strong et al., 2011). Formic acid has been used as an 
electron donor in the denitrification process as well, although bioreactor acclimation is required in 
order to ensure the microbes can effectively utilize formic acid as a carbon source (Li et al., 2015; 
Nishimura et al., 1980; R. H. Gerber, 1986). A closer look at the comparison of the use of formic 
acid and glycerol as electron hole scavengers for Se removal is presented in Figure B-6, showing 
that with a concentration of 300 mg L-1 glycerol nearly matches the Se removal rates using formic 
acid, whereas formic acid greatly outperforms glycerol at only 100 mg L-1. Figure 3-8 compares 
the reduction of selenate and production of Se0 and H2Se in MIW when using 300 mg L-1 of either 
formic acid or glycerol. Both glycerol and formic acid provide selective Se removal in the presence 
of nitrate and sulfate in MIW, leaving the nitrate and sulfate in solution. Inspection of Figure 3-8b 
& e shows the removal of aqueous selenate is faster with formic acid, due to a larger proportion of 
solid Se0 generation. The actual amount of H2Se generation for both trials is very similar, with the 
total amount of Se remaining in solution (SeO42-(aq) + Se0(s)) nearly equal for both formic acid and 
glycerol. It is postulated that formic acid generates more Se solid due to the fact that it adsorbs 
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more favorably to the surface of TiO2 through electrostatic forces, whereas glycerol adsorbs 
weakly through van der Waals forces and hydrogen bonding. 
 Aside, from a higher selenate reduction rate constant, the addition of formic acid also leads 
to a lower pH. The titration curve for formic acid is presented in Figure B-7 and compared to that 
for HCl in MIW. As discussed previously, lower pH leads to faster selenate photocatalytic 
reduction. The addition of HCl for pH reduction can be done followed by an addition of NaOH to 
raise the pH after treatment. However, this method adds to the already elevated total dissolved 
solids (TDS) in the treated water and is unfavorable. The presence of formic acid reduces pH, but 
is a dissolved species that will be removed in the subsequent biological reduction of nitrate. Thus, 
formic acid is considered a suitable electron donor for this photocatalytic process. 
To ensure that the use of electron hole scavengers is scalable to a larger industrial process, 
industrial grade sources of both glycerol and formic acid were acquired and tested. An economical 
source of glycerol from Environmental Operating Solutions, Inc. called MicroC4200, which 
contains 72 wt% glycerol was tested. Comparison of industrial glycerol from MicroC4200 to lab 
grade glycerol is shown in Figure B-8. The lab grade glycerol shows faster selenate photocatalytic 
reduction kinetics, likely due to the presence of close to 5 wt% NaCl in MicroC4200, which could 
inhibit the adsorption of selenate onto TiO2 through charge screening of the electrostatic 
adsorption. The increase of ionic strength in solution can also lead to increased aggregation of 
TiO2 reducing catalytic surface area, following DLVO theory (Hotze et al., 2010). A source of 
industrial grade formic acid was acquired and compared to the results with lab grade formic acid 
(Figure B-9). The industrial grade formic acid and lab grade formic acid exhibit similar selenate 
removal kinetics as well as the selectivity between solid Se0 and gaseous H2Se production. 
3.4.2.6 Effect of MIW pretreatment 
Three separate precipitation pretreatments of mine-impacted water through the addition of 
Ca(OH)2, Na2CO3 and Ba(OH)2, were investigated to determine the effects of removing CO32-, 
Ca2+ and SO42-, respectively. Lime softening (Ca(OH)2 addition) was done at pH 9.5, CaCO3 
precipitation (Na2CO3 addition) at pH 11, BaSO4 precipitation (Ba(OH)2 addition) at pH 9.5. All 
solution were returned to pH 7 using HCl before storage in the refridgerator. 
 Figure 3-9 presents the effect of the three precipitation pretreatments on the subsequent 
reduction of selenate in order to compare the effect of the removal of CO32-, Ca2+ and SO42-. The 
removal of CO32- appears to have very little effect on the photocatalytic reduction of selenate in 
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mine-impacted water. Previous researchers have demonstrated that HCO3- or CO32- can act as an 
electron hole scavenger, consuming OH• radicals in solution and electron holes (h+) on the surface 
of TiO2 (Arakawa and Sayama, 2000; Ni et al., 2007), leading to slightly faster kinetics in the 
presence of CO32-, in this case in raw MIW. During the removal of Ca2+ via CaCO3 precipitation, 
13% of the aqueous selenate was removed. This removal was likely due to selenate adsorption on 
precipitated CaCO3. However, the kinetics of photocatalytic degradation remained similar to that 
observed with the raw MIW, with a marginally faster initial selenate reduction rate.  
 
Figure 3-9. Comparison of varying pretreatments prior to the photocatalytic reduction of selenate 
over TiO2 in mine-impacted water. (Reaction conditions: 0.2 g/L TiO2, 37 °C, pH 4.5, 300 mg/L 
glycerol) 
During the removal of SO42-, via BaSO4 precipitation, 49% of the aqueous selenate was 
removed. It is hypothesized that Se removal during BaSO4 precipitation is attributed to selenate 
adsorption onto BaSO4 precipitates rather than BaSeO4 precipitation, due to the relatively high 
solubility of BaSeO4. Removal of SO42- allowed for selenate to adsorb to the TiO2 during the dark 
adsorption, accounting for an additional 33% selenate removal, which did not occur in the other 
trials. With only 18% of the initial selenate remaining in solution at the start of the photocatalytic 
reduction, the reduction is fully completed over the first sampling interval. The presence of SO42- 
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is known to obstruct the adsorption of selenate on the surface of TiO2, limiting the selenate 
coverage of reaction sites (Nakajima et al., 2013, 2011; T. Yang et al., 2013). 
3.5 Conclusions 
The photocatalytic reduction on TiO2 is a promising non-biological technique for selenate 
removal from MIW in order to remove Se below 1 µg L-1. Selenate is reduced to solid elemental 
Se (Se0) and gaseous hydrogen selenide (H2Se) in a 6 electron and 2 electron heterogeneous 
photocatalytic reaction, respectively. The product selectivity towards solid Se0 versus gaseous 
H2Se is influenced by many factors, including temperature and electron hole scavenger. Regardless 
of the high sulfate, nitrate, and carbonate concentrations and the presence of various trace metals 
contained in MIW the photocatalytic reaction was able to reduce selenate under different reaction 
conditions from >500 µg L-1 Se to < 1 µg L-1.  
Below the point of zero charge of TiO2 (PZCTiO2= 5.6-6.2), faster kinetics are achieved at 
lower pHs due to the positive zeta potential of the catalyst surface and increased electrostatic 
attraction and outer-sphere adsorption of selenate. The highest pH able to achieve significant Se 
removal was pH 6.04 while the best kinetics were observed at pH 3.50. Temperature plays a major 
role in the reduction of selenate, which has an activation energy of 31.83 kJ mol-1. Higher 
temperatures lead to higher selectivity toward H2Se as well as faster selenate removal kinetics. The 
reaction is inhibited in the presence of dissolved oxygen (DO). The removal of DO prior to selenate 
removal was successfully achieved through N2 purging to strip O2 and the use of an oxygen 
scavenger, Na2SO3, which is a more scalable and practical DO removal alternative. Experiments 
were conducted to determine the effect of TiO2 concentration of the reaction kinetics. A range of 
0-1.0 g/L TiO2 was studied with the optimal TiO2 dosage concentration of 0.5 g/L. 
The impact of various electron hole scavengers on the kinetics of selenate photocatalytic 
reduction was investigated. Se photoreduction was achieved with all tested electron hole 
scavengers with Se removal rates increasing in the following order: acetic acid < ethanol < 
methanol < glycerol < formic acid. Marginal differences to the selectivity of Se0 vs. H2Se were 
observed between glycerol and formic acid, which are both selective towards H2Se generation 
under the conditions studied. The photocatalytic removal of selenate appears to be selective, 
leaving nitrate and sulfate essentially unreduced, a phenomenon which is thoroughly discussed in 
the next chapter. As a result, it may be advantageous to couple photocatalytic Se removal with 
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biologic nitrate reduction, in order to meet the effluent limit guidelines for both Se and nitrate. 
During the selective Se removal in the presence of nitrate, the majority of the organic hole 
scavenger remains in solution after the Se is fully removed and can then be utilized for the 
downstream denitrification as an electron donor and converted to CO2 which can be removed from 
the effluent. 
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4  Selective removal of Se through selenate specific photocatalytic 
reduction over TiO2 in the presence of nitrate and sulfate in mine 
impacted water 
 
This chapter is modified from: 
 
Holmes, A.B., Giesinger, K., Ye, J., and Gu, F. (in preparation). Selective removal of Se through 
selenate specific photocatalytic reduction over TiO2 in the presence of nitrate and sulfate in mine 
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4.1 Summary 
 Selective photocatalysis is desired for complex water sources that contain a variety of 
dissolved species in addition to the species targeted for removal. Mine-impacted water (MIW) can 
contain varying concentrations of dissolved species such as sulfate, carbonate, nitrate, selenate, 
organic matter and metals. The removal of selenate from MIW is desired, given its potential 
toxicity in aquatic ecosystems. In this study, we present results of bench-scale testing of 
photocatalytic reduction (PR) of selenate in MIW, mainly the ability of PR to selectively reduce 
selenate from >500 µg L-1 to < 2 µg L-1. The significant Se decrease was observed in the presence 
of the more energetically favourable electron acceptor nitrate and high concentrations of sulfate. 
The competitive adsorption and reduction of selenate on TiO2 in the presence of sulfate, chloride, 
carbonate and nitrate was investigated using formic acid as an electron hole scavenger. According 
to our proposed electron transfer mechanism, TiO2 conduction band electrons are responsible for 
the reduction of selenate to elemental Se (Se0) while both carbon dioxide radicals (!"#•	%) and Se 
conduction band electrons are responsible for the further reduction of Se0 to hydrogen selenide 
(H2Se). 
4.2 Introduction 
 Photocatalysis in water has been conventionally considered to be a non-selective process. 
Research in selective photocatalysis is a rapidly developing field (Kou et al., 2017). In recent years, 
many researchers have been focusing on various strategies to improve the selectivity of 
photocatalysis and increase its industrial feasibility. Reactive radical-mediated photocatalytic 
oxidation and reduction can behave non-selectively through the production of reactive radicals 
such as hydroxyl radicals (OH•) and carbon dioxide radicals (!"#•	%), respectively, which are 
ubiquitous in their reactivity towards species in a complex wastewater (Asghar et al., 2015). Many 
attempts have been made to modify photocatalysts to allow for selective removal of target species 
in complex wastewaters. The strategies for enhancing selective photocatalysis can be divided into 
two categories: modification of photocatalyst properties or change of external operating conditions 
(Kou et al., 2017). Some examples of selective photocatalysis include selective reduction of Cr(VI) 
through size exclusion over a ZnO@ZIF-8 core-shell heterostructure (Wang et al., 2016), selective 
organic oxidation on TiO2 through controlled mass transport (Ghosh-Mukerji et al., 2003), 
selective removal of methyl violet over methyl orange using TiO2 microspheres with exposed 
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{001} facets (Xiang et al., 2011), and selectively reducing nitrate to N2 on TiO2 by managing the 
hole scavenger conditions (Doudrick et al., 2013). 
Selective photocatalysis is desired since water sources usually contain a variety of 
dissolved species in addition to the target species. Mine-impacted water (MIW) can contain 
varying concentrations of many compounds such as sulfate, carbonate, nitrate, selenate, organic 
matter and dissolved metals (Nordstrom et al., 2015). The removal of selenate from MIW is desired 
due to its toxicity in aquatic ecosystems at low üg/L concentrations (L. C. Tan et al., 2018). The 
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 The initial reduction of selenate into immobilized elemental Se (Se0(s)) removes it from the 
dissolved Se species in the water. Elemental Se can be further reduced to hydrogen selenide 
(H2Se(g)). Photocatalytic reduction of selenate has the unique advantage of recovery as either 
elemental Se in the solid phase or H2Se through gas scrubbing techniques (Nguyen et al., 2005b). 
Se has numerous uses in the photovoltaics, glass and steel manufacturing and electronics industries 
(Holmes and Gu, 2016; Yarlagadda V. Nancharaiah and Lens, 2015).  
Conventionally, bioreactors have been implemented as a method for Se removal from MIW 
on a pilot-scale (Lenz et al., 2008; Luek et al., 2014). Challenges remain with disposal and stability 
of Se-contaminated bioreactor sludge (Mal et al., 2017, 2016), microbial community start-up time 
and the elevated toxicity of effluents as a result of the production of organo-selenium compounds 
such as selenomethionine (LeBlanc and Wallschläger, 2016). In addition, the microbial 
communities responsible for metabolization of selenium oxyanions can only do so in the absence 
of electron acceptors with a higher reduction potential. Both O2 and NO3- are more energetically 
favourable electron acceptors than Se oxyanions and thus, NO3- reduction can occur prior to 
selenate reduction in anaerobic bioreactors (,H,	TV/lVT
† = +0.81 V > ,H,			°TÜW/°V
† = +0.75 V > 
,H,			S0TUVW/S0TÜVW
† = +0.48 V > ,H,			S0TÜVW/S0Z
† = +0.21 V > ,H,			STUVW/STÜVW
† = -0.516 V (Y. V. 
Nancharaiah and Lens, 2015)). For MIW treatment, the development of a process capable of 
removing selenate prior to biological denitrification process is desired due to the numerous 
advantages achieved by removing Se from the biological process. 
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In this study, we present experimental results on the photocatalytic reduction of selenate 
tests using MIW. The results demonstrate that Se can be selectively removed from >500 µg L-1 to 
< 2 µg L-1 in the presence of a more energetically favourable nitrate electron acceptor (~ 250x 
molar concentration of selenate) and high concentrations of sulfate (~ 2,000x molar concentration 
of selenate). The competitive adsorption and reduction of selenate on TiO2 in the presence of 
sulfate, chloride, carbonate and nitrate was thoroughly investigated using formic acid as an 
electron hole scavenger. The primary goal of this work is to explain the phenomena of selective 
reduction of selenate and to propose primary reaction pathways to better understand the complex 
photocatalytic reduction of selenate to elemental Se and further to H2Se. 
4.3 Materials and methods 
4.3.1 Materials 
Mine impacted water (MIW) was received from an operating mine in North America and 
stored at 4 °C in the dark. Synthetic mine impacted water (SMIW) was produced by dissolving 
reagent grade salts in DI water to mimic the concentrations in MIW. Titanium dioxide 
nanoparticles (Aeroxide P25, ~10-50 nm particle diameter, 55 m2 g-1 surface area, Acros) were 
used as received. P25 TiO2 nanoparticles have been extensively studied and characterized in the 
literature and are often used as a benchmark photocatalyst. Formic acid (ACS reagent, 97%, Alfa 
Aesar) was used as an electron hole scavenger. Sodium selenate (<0.1% impurities, BioXtra, 
Sigma-Aldrich), sodium sulphate (anhydrous, ACS reagent >96%, Sigma-Aldrich), sodium 
chloride (reagent grade, Sigma-Aldrich), sodium carbonate (reagent grade, Sigma-Aldrich), 
sodium nitrate (>99%, ReagentPlus, Sigma-Aldrich), hydrochloric acid (37%), and sodium 
hydroxide (ACS grade, Sigma-Aldrich) were used as received. 
4.3.2 Removal of selenate through photocatalytic reduction 
The photocatalytic reactor apparatus consists of an air tight stainless-steel reactor vessel of 
1.0 L capacity with a quartz-window through which UV was irradiated. Impacted water was added 
to an internal PTFE liner followed by formic acid and TiO2. The air tight stainless-steel vessel with 
a quartz window was purged by bubbling N2 gas throughout the reaction to remove any H2Se gas 
generated and flowing it through two subsequent liquid scrubbers of CuSO4 and NaOH, 
respectively (Sanuki et al., 1999; T.T.Y. Tan et al., 2003b). The mixture was stirred in the dark for 
1 h to attain adsorption-desorption equilibrium with the TiO2 surface as well as to remove any 
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dissolved oxygen, and then placed in the photoreactor and exposed to UV light while being stirred. 
Samples were collected throughout the treatment to determine both the total and dissolved Se by 
analyzing unfiltered and filtered samples, respectively. The reactor vessel was exposed to UV light 
using a UVA fluorescent bulb with a wavelength filter which only supplied UVA (l = 365 nm) 
light (Blak Ray B-100A 95-0044-22). The UV intensity was measured to be úùû =
11.03	^¢/]^# with a UV-A light meter (Sper Scientific, NIST certified calibration) at the 
surface of the water within the reaction chamber through the quartz window. We varied the energy 
dosage instead of operating time to make our results comparable with other studies. 
4.3.3 Analysis 
Se concentration was determined in accordance with the U.S. EPA suggested determination 
technique (APHA 2009, Method 3114B/C) using hydride generation inductively coupled plasma 
optical emission spectroscopy (HG-ICP-OES, Teledyne Prodigy ICP and Cetac HGX-200 
advanced membrane hydride generation system, LOD = 1 µg L-1). Both dissolved and total Se 
were determined by HG-ICP-OES following acid digestion protocol U.S. EPA Method 3050B 
(U.S. EPA, 1996). The insoluble Se fraction (considered to be elemental Se) present in the water 
was calculated by the difference of total and dissolved Se concentrations. Gaseous H2Se was 
calculated from the difference between the initial total Se in the water and total Se in the TiO2 
suspension after UV exposure. Based on several past studies on photocatalytic reduction of 
selenate on TiO2 (Nguyen et al., 2005b; Sanuki et al., 1999; T.T.Y. Tan et al., 2003a), the gaseous 
Se species is assumed to be H2Se, although the direct identification of gaseous species is a 
challenging task (Kot and Namiesńik, 2000; Uden, 2002). Se analytics is currently a major 
developing field of study, with researchers looking into new and improved approaches to gaseous 
and solid Se speciation analytical techniques (Santos et al., 2015). 
Total organic carbon (TOC, APHA 5310B, combustion temperature 800 °C), chemical 
oxygen demand (COD, APHA 5220D), biochemical oxygen demand (BOD, APHA 5210B), anion 
concentration by ion chromatography (bromide, chloride, fluoride, nitrate, nitrite and sulfate, EPA 
300.1), total ammonia (Watson et al., 2005), speciated alkalinity (as CaCO3, EPA 310.2), and total 
and dissolved metals by inductively coupled plasma mass spectrometry (ICPMS, EPA 
200.2/6020A and APHA 3030B/6020A) were measured according to standard methods by ALS 
Environmental (Calgary, AB, Canada), a laboratory accredited by the Canadian Association for 
Laboratory Accreditation (CALA) according to international standards (ISO 17025). Total and 
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dissolved Se concentrations determined at the University of Waterloo were confirmed by ALS 
Environmental on a number of analytical checks. 
4.4 Results and Discussion 
4.4.1 Selective reduction of selenate by TiO2 in MIW 
During the photocatalytic reduction of selenate in MIW, other co-existing anions (i.e. 
nitrate, sulfate, carbonate and chloride) can interact with the treatment process. However, 
throughout the photocatalytic treatment, it is found that these anions remain relatively stable in 
solution, and are not preferentially reduced over Se (Figure 4-1). Molar ratios for NO3- : SeO42- = 
250 and SO42- : SeO42- = 1,940 demonstrating that selenate is present at very low level compared 
to nitrate and sulfate. Oxyanions have been shown to compete with the adsorption sites on TiO2 
during photocatalytic reactions with complex wastewaters (Marks et al., 2016; T. Yang et al., 
2013). However, during the photoreduction experiment, dissolved selenium (initially present as 
selenate) is reduced by 99.6% during the experiment, while sulfate was not reduced and 6.1% 
nitrate is removed throughout the UV exposure. Of the nitrate that is removed, 57% is reduced to 
ammonia (0.8 mg/L as N) and the remainder is reduced to a volatile species, assumed to be N2O 
or N2 gas. Thus, sulfate and nitrate largely remained in solution throughout the UV exposure in 
the presence of TiO2, while dissolved Se was reduced through the photocatalytic reduction. This 
result suggests the existence of a selective photocatalytic reaction mechanism for selenate on TiO2, 
which is present at 100-2,000x lower molar concentrations. The elucidation of such a mechanism 
is the primary focus of the experiments and discussion herein.   
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Figure 4-1. Selenate removal from mine-impacted water using formic acid as an electron donor 
while sulfate and nitrate remain in solution, highlighting the selective reduction of selenate in a 
complex real water system. (Reaction conditions: 300 mg L-1 formic acid, 0.2 g/L TiO2, 37 °C, pH 
4.5) 
 Figure 4-2 presents the electronic band energy levels of TiO2 and Se and compares the 
reduction potentials of various reactions of interest. The reduction potential of nitrate 
(,H,			°TÜW/°V
† = +0.75 V) is well below the conduction band of TiO2 and thus is expected to proceed 
under favourable photocatalytic conditions. However, as shown in Figure 4-1, when compared to 
selenate reduction nitrate is minimally removed. Many researchers investigating the photocatalytic 
reduction of nitrate on TiO2 have reported that due to the low interaction of nitrate with the surface 
of TiO2, nitrate is reduced in solution mainly by the radical intermediate !"#•	% upon the oxidation 
of the electron hole scavenger (Doudrick et al., 2013; Sowmya and Meenakshi, 2015; F. Zhang et 
al., 2005). The reduction potential of sulfate (,H,			STUVW/STÜVW
† = -0.516 V) is above the conduction 
band of TiO2 and thus may not readily proceed on TiO2. However, the reduction of Se0 to H2Se is 
also above the conduction band of TiO2 and is able to proceed under these conditions, which does 
not explain the inert behaviour of sulfate entirely. To date, no reports of the photocatalytic 
reduction of sulfate on TiO2 have appeared, suggesting that the electron transfer mechanism 
resulting in selenate and nitrate reduction does not occur for sulfate.  
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Figure 4-2. Schematic comparison of band edge positions of Se and TiO2 together with the standard 
potentials of relevant redox couples. 
4.4.2 Effect of co-existing anions 
Several photocatalytic experiments were conducted to determine the effect of the 
competing anions in MIW on the reduction of selenate to Se0 and H2Se (Eq. 4.1 & 4.2). A list of 
experiments on the effect of various co-existing anions used to test the changes in the reduction of 
selenate on TiO2 is given in Table 4-1. A concentration of 6.3´10-2 mM Se (approximately 10x 
the concentration of Se in MIW) as selenate was used in the mono-, dual-, triple- and quad-anion 
experiments to ensure the initial adsorption of selenate onto TiO2 is less than 20% of the initial 
selenate concentration. This was done to minimize the kinetic effects on the subsequent 
photoreduction while still getting comparable results to learn about the competing anions in MIW 
from a ground-up approach. Anywhere from 30-50% Se of the selenate from an initial 6.6´10-3 
mM, the actual Se concentration in the MIW, is adsorbed onto TiO2 in DI and skews the 
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1 6.3 x 10-2 - - - - 
2 6.3 x 10-2 1.0 - - - 
3 6.3 x 10-2 10.0 - - - 
4 6.3 x 10-2 - 1.0 - - 
5 6.3 x 10-2 - 10.0 - - 
6 6.3 x 10-2 - - 1.0 - 
7 6.3 x 10-2 - - 10.0 - 
8 6.3 x 10-2 - - - 1.0 
9 6.3 x 10-2 - - - 10.0 
Dual-
anion 
10 6.3 x 10-2 - 1.0 1.0 - 
11 6.3 x 10-2 - 1.0 - 1.0 
12 6.3 x 10-2 - - 1.0 1.0 
Triple-
anion 
13 6.3 x 10-2 1.0 1.0 1.0 - 
14 6.3 x 10-2 1.0 1.0 - 1.0 
15 6.3 x 10-2 1.0 - 1.0 1.0 
Quad-anion 16 6.3 x 10-2 1.0 1.0 1.0 1.0 
SMIW 17 6.6 x 10-3 0.1 1.8 13.0 3.2 
MIW 18 6.6 x 10-3 0.1 1.8 13.0 3.2 
  
 As shown in Figure 4-3, we can see that Cl- has a minimal effect on either the reduction of 
selenate to solid Se0 (based on the disappearance of dissolved Se in Figure 4-3a) or the reduction 
of solid Se0 to gaseous H2Se (based on the disappearance of solid Se in Figure 4-3b). Full mass 
balance tracking of each Se species throughout the mono-anion competition experiments are given 
in Figure 4-4. At 10 mM Cl- the reduction of selenate to Se0 is delayed slightly (Figure 4-3a), 
which can also be seen in the slightly smaller solid Se peak in Figure 4-3b. This is likely due the 
contribution of chloride to charge screening which induces aggregation of TiO2 nanoparticles, 
decreasing the surface area on which selenate can adsorb and react (Hotze et al., 2010).  
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Figure 4-3. Effect of co-existing anions on the photocatalytic reduction of selenate in water: 
mono-anion competition. (a) dissolved Se and (b) solid Se during UV exposure.  
 
Figure 4-4. Se speciation during the photocatalytic reduction of selenate in water with co-
existing mono-anions. 
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 CO3- (or more properly dissolved CO2 at the experimental pH ) also had a minimal effect 
on the reaction with no effect on the reduction of selenate to Se0 (Figure 4-3a), but possibly a small 
lag in the second reduction of Se0 to H2Se based on the small shift in the peak of maximum solid 
Se0 by 0.3 kWh/m3 (Figure 4-3b) . CO3- has been seen to act as an electron hole scavenger in some 
photocatalytic systems on TiO2 (Ni et al., 2007), which could lead to an increased production of 
photoactive electrons in the conduction band of TiO2. However, due to the high pKa of carbonate,  
it exists nearly entirely as H2CO3 at pH 3 in these experiments, which is known to dissociate into 
H2O and CO2. Thus, CO3- may not affect the reduction of selenate by TiO2 due to its possible 
removal from solution in a gaseous form. 
 SO42- has a major impact on the reduction of selenate to solid Se0 as evident in the large 
inhibition of dissolved Se removal in Figure 4-3a. This is believed to be due to the competitive 
adsorption of sulfate over selenate on TiO2 which has been reported in many studies showing 
inhibition of photocatalytic reactions in the presence of sulfate (Nakajima et al., 2013, 2011; T. 
Yang et al., 2013). The solid Se generation curves are attenuated along the x-axis, consistent with 
the inhibition of the reduction of selenate to solid Se0. However, the impact of sulfate on the further 
reduction of Se0 to H2Se is less apparent. A close inspection of the solid Se0 curves in Figure 4-3b 
shows a slight decrease in the peak solid Se0 amount when a concentration of 10 mM sulfate is 
present. Although the peak is not fully shown in the data recorded, it is not likely to reach the 
~75% Se0 found for the DI baseline, but closer to 60%. This indicates that sulfate may also promote 
Se0 reduction to H2Se at higher concentrations. 
 NO3- has negligible impact on the reduction on selenate to solid Se0 (Figure 4-3a), although 
interestingly it has a profound impact on the reduction of Se0 to H2Se (Figure 4-3b). Nitrate appears 
to inhibit the reduction of Se0 to H2Se greatly, as reflected by flattening of the peak of Se0 as it 
becomes resistant to the photocatalytic reduction under UV exposure. 1 mM NO3- causes the 
greatest inhibition of Se0 reduction, whereas the inhibition decreases and more H2Se is generated 
at a higher concentration of 10 mM NO3-. These results indicate that nitrate is affecting the electron 
transfer responsible for reduction of Se0 to H2Se, although the effect of the ratio of nitrate to 
selenate, formate, or TiO2 on electron transfer inhibition is not yet fully understood.  
 Next, we investigated the effect of combining the four anions in dual-anion and triple-anion 
competition experiments to probe the confounding effects of multiple anions on the reduction of 
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selenate on TiO2. The results of these experiments are presented in Figure 4-5. Each dual-anion 
competition experiment was conducted using 1 mM concentration of the competing anions. 
 
Figure 4-5. Effect of co-existing anions on the photocatalytic reduction of selenate in water: 
Dual- and Triple-anion competition. (a-c) dissolved Se and (d-f) immobilized solid Se during UV 
exposure of varying dual- and triple- anion competing for catalyst reactive sites. 
Upon addition of NO3- and CO3-, the reduction of selenate to Se0 remains unchanged 
(Figure 4-5a), similar to that observed in the mono-anion NO3- and CO3- experiments. While the 
reduction of Se0 to H2Se is inhibited in a similar manner as in the mono-nitrate competition 
experiment (Figure 4-5d). Upon the addition of SO42- and CO3-, the reduction of selenate to Se0 
follows a similar inhibition as the mono-sulfate experiment (Figure 4-5c). While the reduction of 
Se0 to H2Se follows the mono-sulfate experiment, with a small lag in the second reduction of Se0 
reflected by a shifted peak of Se0 by 0.3 kWh/m3 (Figure 4-5f), similar to the mono-carbonate 
experiment. Again, these results are to be expected due to the minimal impact of carbonate and its 
likely removal from the water in the form of CO2. 
Upon addition of NO3- and SO42-, the reduction of selenate to Se0 follows a similar 
inhibition as the mono-sulfate experiment (Figure 4-5b). Thus, the presence of nitrate still appears 
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not to impact the electron transfer mechanism driving the reduction of selenate. Interestingly, the 
reduction of Se0 to H2Se follows the mono-sulfate experiment, even in the presence of nitrate, 
which was previously shown to inhibit Se0 reduction (Figure 4-5e). We postulate that the inhibition 
mechanism is lost when sulfate is present due to the displacement of nitrate from the surface of 
TiO2 through competitive adsorption mechanisms. The impact of nitrate is not completely lost, as 
reflected by the relative Se0 peak matching that of the mono-nitrate experiment, demonstrating a 
small inhibition of Se0 reduction in this dual-anion experiment. 
The addition of 1 mM Cl- onto each of these three dual-anion experiments was completed 
to investigate the added impact of Cl-. These experiments show that the presence of Cl- has little 
effect on the reduction of selenate or Se0. These results verify the limiting impacts Cl- have on the 
photocatalytic system (Figure 4-5). 
 Figure 4-6 shows the effects of the four anions (CO3-, Cl-, NO3- and SO42-) altogether at 1 
mM concentration in synthetic mine-impacted water (SMIW) and MIW on the photocatalytic 
reduction of selenate. The four-anion competition at 1mM experiment was done twice: once at a 
Se concentration of 0.063 mM similar to that used in the single and dual anion competition 
experiments and at a Se concentration of 0.0066 mM similar to the MIW and SMIW Se 
concentration. The concentrations in SMIW were set to match those of the four studied anions as 
well as selenate. The reduction of selenate to Se0 in SMIW and MIW is very similar, with the 
exception of the first time point of UV exposure where the dissolved Se concentration in SMIW 
is slightly higher than expected. This could be due to analytical or experimental error because the 
dissolved Se curve match up very well through the rest of the UV exposure. 
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Figure 4-6. Quad-anion competition experiment (sulfate, nitrate, chloride and carbonate at 1 mM 
concentration), synthetic mining-impacted water (SMIW) and mine-impacted water (MIW) 
compared for the photocatalytic reduction of selenate with the relative dissolved Se (a) and the 
relative solid Se (b).  
 The amount of Se0 generated during the quad-anion experiment at a Se concentration of 
0.063mM is similar to that which was observed during the NO3- and SO42- dual-anion experiment, 
with a maximum relative solid Se0 of 80%. The peak Se0 value generated in MIW and SMIW are 
much lower, at only 20% and 10% respectively. The peaks are also shifted significantly to earlier 
in the reaction, thus suggesting that the Se0 to H2Se reduction in both SMIW and MIW is much 
faster. A likely explanation for this is the change in the initial selenate concentrations. The initial 
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selenate concentration in the quad-anion experiment was 6.3 ´ 10-2 mM to be comparable to the 
mono-, dual- and triple-anion experiment performed previously, whereas the initial concentration 
of selenate used in the SMIW and MIW experiments was 6.6 ´ 10-3 mM. A follow-up experiment 
was completed to confirm that the concentration of selenate, or the ratio of selenate to TiO2 was 
in fact the main reason for a change in overall maximum Se(s) peak height. In the presence of 1 
mM nitrate, sulfate, carbonate and chloride experiment and only 6.6 ´ 10-3 mM selenate, the peak 
Se(s) is 25%, similar to that observed for the MIW and SMIW experiments. The ratio of selenate 
to sulfate, nitrate and formate likely plays a major role in both the reduction of selenate to Se0 and 
Se0 to H2Se. The flattening on the Se(s) peak can be seen in SMIW and MIW likely due to the 
interaction of a varying sulfate-to-nitrate ratio. 
MIW contains naturally occurring trace levels of more than 20 identified metals, all of 
which can interact with the complex photocatalytic reduction mechanism and the photogenerated 
radical species. The exceptional agreement between the selenate and Se0 reduction in SMIW and 
MIW shows that the interaction between selenate, nitrate, sulfate, formate and TiO2 is strong 
enough to accurately predict the outcome of the treatment of MIW using TiO2 and formic acid.  
4.4.3 Mechanism of selenate removal by TiO2 
The mechanism of electron transfer that drives the reduction of selenate to Se0 and further 
reduction of Se0 to H2Se will now be discussed, based on experimental evidence found herein. The 
photocatalytic mechanism for SeO42- transformation is very complicated, consisting of consecutive 
and parallel reduction steps, and involving many radical intermediates and products. We will 
propose a rather simplified mechanism, given by the equations provided in Table 4-2, but 
recognize that many other parallel reactions occur in a complex water source. 
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Table 4-2. Comparison of standard reduction potentials and thermodynamic data provided for the 
primary reactions and the driving reactive species.  
Reaction Thermodynamic data 
(vs. SHE) 
Refs. Eq. # 
Reactive Species 
zç"# + ℎé → &{t,iãT#
% + ℎût,iãT#
+  Utilizing l=220-388nm 
,{t,iãTV = 0.3£ 












+ (E"•) → E+ + !"#•	%(+"E%) ,H(!"#/!"#•	%) = −2.0£ (Perissinotti et 
al., 2001) 
(4.6) 
?&H + ℎé → &{t,S0% + ℎût,S0
+  ,{t,S0 = −1.8£ 





?&"@#% + 8E+ + 6&{t,iãT#
% → ?&H + 4E#" ,H(?&"@#%/?&H) = 0.5£ 
,{t,iãTV = 0.3£ 
(Sanuki et al., 
1999) 
(4.8) 
?&H + 2E+ + 2&{t,S0% (2!"#•	%) → E#?&(+2!"#) ,H(?&H/E#?&) = −0.6£ 
,H(!"#/!"#•	%) = −1.8£ 








% (!"#•	%) → ¶"Ö#%(+!"#)a ,H(¶"Ö%/¶"Ö•#%) = −1.1£ 
,H(!"#/!"#•	%) = −1.8£ 
(Doudrick et al., 
2013; F. Zhang 
et al., 2005) 
(4.10) 
¶"Ö% + 10E+ + 8&{t,iãT#
% (8!"#•	%) → ¶E@+ + 3E#"(+8!"#) 
2¶"Ö% + 12E+ + 10&{t,iãT#
% (10!"#•	%) → ¶# + 6E#"(+10!"#) 
2¶"Ö% + 2E+ + 2&{t,iãT#
% (2!"#•	%) → ¶"#% + E#"(+2!"#) 
2¶"#% + 8E+ + 6&{t,iãT#
% (6!"#•	%) → ¶# + 4E#"(+6!"#) 
 
,H(¶"Ö%/¶E@+) = 0.88£ 
,H(¶"Ö%/¶#) = 1.25£ 
,H(¶"Ö%/¶"#%) = 0.84£ 
,H(¶"#%/¶#) = 1.45£ 
,H(!"#/!"#•	%) = −1.8£ 
(Hérissan et al., 
2017; Doudrick 
et al., 2013; F. 






a The initial single electron reduction of nitrate is the most negative reduction potential to overcome. 
4.4.3.1 Role of competitive sulfate adsorption on TiO2 
As shown in Figure 4-3a, SO42- was the only competing species to affect the reduction of 
selenate to Se0 (Eq. 4.8). We propose that this is due to the competitive and specific adsorption of 
sulfate to the surface of TiO2. Adsorption experiments were conducted to confirm this theory, see 
Figure 4-7. These experiments confirm that SO42- is the only species to greatly affect the initial 
adsorption of selenate onto TiO2 surfaces. The four experiments containing SO42- at varying 
concentration (1mM, 10mM, SMIW and MIW) all show a marked decrease in the adsorption of 
selenate. On the other hand, NO3- and CO3- do not affect the adsorption of selenate to any 
appreciable extent at both 1 and 10 mM. Cl- appears to slightly decrease adsorption at a 10 mM 
concentration possibly due to its effect in promoting aggregation of TiO2 through charge screening 
effects, thus decreasing surface area for adsorption (Hotze et al., 2010). 
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Figure 4-7. Adsorption of selenate onto TiO2 under varying concentrations of competing anions 
species. All adsorption tests, with the exception of SMIW, were completed with and initial 
selenate concentration of 6.3 x 10-2 mM (as Se), under pH 3, [TiO2] = 0.2 g/L conditions. SMIW 
adsorption test was under identical conditions but with 6.6 x 10-3 mM (as Se) selenate. 
 This experiment confirms that selenate reduction is greatly affected when it is displaced 
from the surface of TiO2, suggesting that the driving reduction mechanism is a surface related 
phenomenon. The photogenerated electrons in the conduction band of TiO2 have sufficient 
reduction potential (E0 = 0.3V vs SHE) to reduce the SeO42-/Se0 redox pair (E0 = 0.5V vs SHE) 
and are likely the main reactive species to drive the reduction of selenate to Se0. Now direct 
electron transfer may be challenging since adsorption of selenate on TiO2 is reported to involve an 
outer-sphere complex (Jordan et al., 2011; Zhang et al., 2009). However, a very small fraction of 
selenate molecules may selectively adsorb onto TiO2 surfaces at low pH (Horányi, 2003). 
Although direct outer-sphere electron transfer has been well documented (Ramaswamy and 
Mukerjee, 2011), the likelihood of electron transfer interference by other species in the complex 
matrix is strong. If selenate adsorbs exclusively through outer-sphere complexes, an intermediate 
electron shuttling molecule may be required to bring the photoactive electrons to the hydrated 
selenate molecule.  
4.4.3.2 Role of nitrate interaction interference with electron transfer 
As shown in Figure 4-3b, NO3- can play a significant role in the inhibition of the reduction 
of Se0 to H2Se. NO3- photocatalytic reduction on TiO2 with formic acid has been studied 
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extensively and the reduction is believed to proceed through reaction with !"#•	% radicals following 
a series of complex reactions summarized in Eq. 4.10-4.14. It has been shown that direct eCB- 
reduction of NO3- is not possible in the absence of formic acid due to the very negative redox 
potential of the ¶"Ö%/¶"Ö•#% (E0= -1.1V vs SHE) (Hérissan et al., 2017). However, NO3- reduction 
is possible in the presence of formic acid as the carboxyl radical (!"#•	%), a very strong reducing 
species (E0= -2.0V vs SHE), is generated (Eq. 4.6 (Hérissan et al., 2017; Perissinotti et al., 2001)). 
As !"#•	% is responsible for the reduction of nitrate, the presence of nitrate would scavenge these 
!"#•	% radicals from solution. Thus, it is postulated that the inhibition of reduction of Se0 to H2Se 
is due to the scavenging of !"#•	% radicals in solution that would normally reduce Se0 to H2Se.  
 In order to assess this proposed mechanism for the further reduction of Se0 to H2Se, a series 
of experiments was conducted to determine the effect of competing anions on the first order 
reaction rate constants for both the photocatalytic removal of selenate and nitrate (Table 4-3). 
During the photocatalytic reduction of only nitrate or selenate on TiO2 with 0.0065 M formic acid, 
the 1st order reaction rate constants are 1.18×10-5 s-1 and 2.60×10-3 s-1, respectively. Selenate 
reduction rate is two-orders of magnitude faster than that of nitrate, although the relative 
concentrations reflect a similar two-orders of magnitude difference. When both nitrate and selenate 
are present, the rate constants remain relatively unchanged (the slight increase may be attributed 
to experimental and analytical error), showing little impact of each anion on the reduction of 
selenate to Se0, which was also shown earlier in Figure 4-3a. Upon addition of Cl-, a similar 
marginal impact is found for both 1st order reaction rate constants. Upon the addition of SO42-, the 
1st order reaction rate constants for selenate and nitrate reduction decrease by factors of 8 and 90, 
respectively.   
Table 4-3. Effect of competing anions on the first-order reaction rate constant for the photo-














k1, Se       
(d%:) 
k1, Nitrate  
(d%:) 
Exp. 1 - 3.4 - - - 1.18×10-5 
Exp. 2 1.3×10-2 - - - 2.60×10-3 - 
Exp. 3 1.3×10-2 3.4 - - 3.35×10-3 1.76×10-5 
Exp. 4 1.3×10-2 3.4 49.9 - 2.78×10-3 1.60×10-5 
Exp. 5 1.3×10-2 3.4 49.9 17.9 0.37×10-3 0.02×10-5 
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The decease of the 1st order rate constant for the reduction of selenate to Se0 upon the 
addition of SO42- is due to the competitive adsorption onto TiO2 surface. The 8-fold reduction in 
rate can be attributed to this phenomenon. Thus, the further 90-fold decrease in the rate of reduction 
of nitrate must be due to more than just the competitive adsorption of SO42- onto the surface of 
TiO2. It is postulated that due to the low affinity of nitrate for TiO2 surfaces (lower than selenate, 
sulfate and formate) the presence of sulfate may reduce the adsorption of nitrate far more than it 
does reduce the adsorption of selenate. 
4.4.3.3 Proposed reaction mechanism 
It is known that H2O and formic acid adsorb molecularly and dissociatively (through the 
formate anion) on the surface Ti atoms in aqueous solution, respectively (Gong et al., 2006; 
Vittadini et al., 2000). During adsorption, H2O and formic acid act as Lewis bases, while the Ti 
atoms act as Lewis acids, accepting electrons during the adsorption process. Because the Lewis 
basicity of the dissociative formic acid is much higher than molecular H2O, the adsorption of 
formic acid is much stronger than H2O. Lewis base strength correlates well with other measures 
of basicity such as pKa. Using this approach, the stronger the Lewis base, the higher affinity it has 
for Ti atoms on the surface of TiO2. The order of increasing pKa is as follows: Cl- (-5.6 (Robinson, 
1936)) < NO3- (-1.38 (Dean, 1985)) < H2O (0.0) < SeO42- (1.8 (Séby et al., 2001)) < SO42- (1.99 
(Marshall and Jones, 1966)) < HCOO- (3.75 (Barcarella et al., 1955)).    
In the presence of much weaker Lewis bases such as Cl- and NO3- the adsorption of selenate 
and formate remains unchanged, explaining why increasing their concentration has no effect on 
the reduction of selenate to Se0. This idea is also able to explain why sulfate was the only 
competitive anion tested that significantly decreased the adsorption of selenate onto TiO2. Sulfate 
is the only anion with a stronger Lewis basicity than selenate, and thus propensity for Ti surface 
sites (or oxygen vacancies) on the TiO2 surface. Although CO3- has a much higher pKa, it exists 
nearly entirely as H2CO3 at the pH 3, which is known to dissociate into H2O and CO2 and be 
removed from solution as gas. This suggests why CO3- concentration did not affect the adsorption 
of selenate or formate onto TiO2.  
 On the other hand, in the presence of sulfate, which can adsorb selectively to the active 
catalytic sites on the surface of TiO2 (Horányi, 2003; Sheng et al., 2013), selenate and nitrate 
adsorption is greatly reduced. When sulfate is added in similar concentrations found in MIW, the 
photocatalytic reduction 1st order reaction rate constant of selenate was decreased by 8x, whereas 
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nitrate was impacted far greater, exhibiting a decrease by 90x (Table 4-3). Nitrate and selenate do 
not directly compete for adsorption sites, as seen by the minimal effect nitrate concentration had 
on the initial reduction of selenate to Se0 (Figure 4-3a) and the unaffected selenate adsorption to 
TiO2 (Figure 4-6). However, the presence of nitrate clearly has an impact on the further reduction 
of Se0 to H2Se (Figure 4-3b). Thus, the driving reactive species that reduces selenate to Se0 is likely 
independent of that which reduces nitrate (likely &{t,iãT#% ) and the reactive species responsible for 
reducing nitrate (!"#•	%) may also be partly responsible for further reducing Se0.  
During the experiment when only nitrate and selenate were subjected to photocatalytic 
reduction on TiO2 with formic acid, the presence of nitrate inhibited the reduction of Se0 to H2Se 
(Figure 4-3b). One explanation for this result is that available !"#•	% radicals normally responsible 
for the reduction of Se0 to H2Se are scavenged by NO3-. It is possible that the photogenerated 
electrons in the Se conduction band (&{t,S0% ) are being scavenged by NO3- as well, although direct 
electron transfer has been shown to not occur (Hérissan et al., 2017). It is possible that the reduction 
of Se0 to H2Se involves both !"#•	% and &{t,S0% , and the slow reduction of Se0 that occurs in the 
presence of NO3- could be a result of Se0 reduction by &{t,S0%  (Figure 4-3a). Tan et al. claimed that 
the photocatalytic reduction of Se0 to H2Se (E0= -0.6V vs SHE) is entirely driven by  &{t,S0%  (E0= 
-1.8V vs SHE), but also mentioned that reduction by !"#•	% is possible but not investigated in their 
work (T.T.Y. Tan et al., 2003c). Given the results of our competing anion studies and what is 
known about nitrate photocatalytic reduction pathways, the reduction of Se0 to H2Se appears to 
proceed according to both !"#•	% and &{t,S0% . 
During the experiment when nitrate, sulfate and selenate were subjected to similar 
photocatalytic reduction conditions, Se0 reduction to H2Se proceeded similarly to that when only 
selenate and sulfate are present, as if nitrate is not present. This suggests that sulfate is able to 
displace nitrate from the double layer of the TiO2 surface, making it harder for the nitrate molecules 
to scavenge the !"#•	% radicals. This explanation is reinforced by the fact that nitrate reduction 
significantly decreases in the presence of sulfate.  
A proposed mechanism of electron transfer for the reduction of selenate to Se0 and Se0 to 
H2Se is presented in Figure 4-8. Following this discussion, a selenate removal mechanism can be 
described as follows: (1) selenate is directly reduced to Se0 through the photogenerated electrons 
in the TiO2 conduction band and (2) Se0 is further reduced to H2Se through a combination of 
photogenerated electrons in the Se conduction band and !"#•	% radicals.  
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Figure 4-8. Schematic representation of the mechanisms (top) and the electronic transitions 
(bottom) proposed to explain the reduction of selenate and solid Se0 in the photocatalytic reduction 
on TiO2. (a) selenate reduction to solid Se0 through conduction band electrons in TiO2 and (b) 
reduction of Se0 to H2Se gas through either CO2•- reduction or an electron trap in Se0 which is 
responsible for self-reduction from Se0 to H2Se gas. 
4.5 Conclusions 
The results presented herein are fundamental to progressing photocatalytic selenium 
reduction techniques for mine-impacted water and similar complex industrially-impacted water 
sources. The interaction between the photocatalyst with non-target constituents in the water is 
integral to the success of a photocatalytic system, especially for Se removal. The use of TiO2 with 
an electron hole scavenger leads to selective removal of selenate in the presence of nitrate, sulfate, 
other competing anions and trace metals in the impacted water. According to the electron transfer 
mechanism proposed herein, &{t,iãT#%  is responsible for the first reduction of selenate to Se0 and 
both !"#•	% and &{t,S0%  are responsible for further reduction of Se0 to H2Se. Photocatalytic reduction 
on TiO2 still has some limitations such as the affinity for SO42- which leads to a slower selenate 
reduction rate. The relative proportions of nitrate, sulfate, selenate and formate present appear to 
play a large role in the final fate of Se and need to be investigated further to be able to accurately 
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predict and tune a treatment towards a particular Se reduction product. The variable concentrations 
characteristic of seasonal mine-impacted water flow poses a challenge to predictability of Se 
photocatalytic treatment. However, this work sheds light on the mechanisms of electron transfer 
and highlights the main drivers of this reduction reaction (mainly sulfate and nitrate). Such 
information can be used to develop predictive quantitative models and design specialized catalysts 
to achieve favorable Se reduction products under variable conditions. 
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5  Tunable production of elemental Se vs H2Se through 
photocatalytic reduction of selenate in synthetic mine impacted 
brine: Engineering a recoverable Se product 
 
This chapter is modified from: 
 
Holmes, A.B., Giesinger, K., and Gu, F. (in preparation). Tunable production of elemental Se vs 
H2Se through photocatalytic reduction of selenate in synthetic mine impacted brine: Engineering 
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5.1 Summary 
 In this paper, we investigate the tunability of Se reduction products (Se0(s) vs. H2Se(g)) 
during the photocatalytic reduction of selenate on TiO2, using formic acid as an electron hole 
scavenger, in synthetic mine-impacted brines (SMIB). Photocatalytic reduction can effectively 
remove Se from SMIB to < 2 µg/L from an initial Se concentration of > 3,300 µg/L in under 
10´1019 photons cm-2. An increase in solution temperature leads to a marked increase in selenate 
removal kinetics and an increase in selectivity towards H2Se(g), while increasing the concentration 
of formic acid leads to an increase in selenate removal kinetics and a decrease in the selectivity 
towards H2Se(g). A bivariate response surface analysis was used to elucidate the mechanism behind 
the production of >99% gaseous H2Se or >85% solid Se0, under varying reaction conditions. 
Finally, a two-pronged electron transfer model is proposed to explain the selectivity towards Se0(s) 
vs. H2Se(g) under varying conditions: (i) Se0(s) is produced through direct reduction of selenate by 
TiO2 conduction band electrons and (ii) H2Se gas is produced through electrons transferred into 
Se0 followed by a reduction of Se0 to H2Se or through direct reduction by !"#•	%. 
5.2 Introduction 
Mine-impacted water (MIW) rich in selenium (Se) is generated when natural sources of 
water drainage such as snowmelt and rainfall infiltrate into waste rock piles and tailings on an 
operating or abandoned mine and dissolve various inorganic species depending on the geology of 
the underlying deposit or the overlying strata. MIW can contain varying concentrations of 
dissolved constituents such as sulfate, carbonate, nitrate, selenate and many dissolved metals 
(Nordstrom et al., 2015). The removal of selenate from MIW has become of prime interest due to 
possible aquatic toxicity concerns. Elevated Se levels in aquatic ecosystems pose a great threat to 
aquatic life and thus affects organisms on higher trophic levels, such as humans, due to Se 
bioaccumulation (Hamilton, 2004).  
Known Se removal techniques include chemical precipitation, biological removal, 
adsorption, ion exchange and membrane filtration (Holmes and Gu, 2016). Many of these 
technologies have been developed for pilot or full-scale treatment of Se contamination. However, 
these technologies face challenges to meet the new water quality criteria proposed by the United 
States Environmental Protection Agency (U.S. EPA) with an aquatic toxicity limit of 1.5 µg/L in 
lentic ecosystems (U.S. EPA Office of Water, 2016) due to the large volumetric flowrates common 
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with MIW (Santos et al., 2015). Biological removal and chemical precipitation remove selenate 
through reduction to insoluble Se. However, each of these techniques have their own drawbacks 
including sensitivity to fluctuating MIW composition, operating parameters and biomass health, 
rendering such processes difficult to operate (Jain et al., 2015; Staicu et al., 2015b). Ion exchange 
and membrane filtration systems physically remove selenate by concentrating it into a reject 
stream, known as a brine. These technologies can generate highly concentrated brines, 4-8 times 
that of the original TDS, thus generating a brine stream with increased concentration of all 
dissolved components, including selenate. The advantages to Se removal from mine-impacted 
brine (MIB) include lower volume of treatment, higher Se concentration increasing kinetics of 
treatment and easier Se recovery from the impacted stream.  
Recovery of Se from impacted water is of great interest and a primary focus of research 
from several researchers focusing on biological reduction of Se (Cordoba and Staicu, 2018; 
Hageman et al., 2017; Staicu et al., 2015a; Zhang et al., 2018). However, the separation of solid 
Se0 from biological matter remains a challenging task. When Se0 is produced intracellularly, lysis 
of the bacterial cell and recovery from biomass must occur to harvest Se0. When produced 
extracellularly, Se0 has to be separated from bacteria through size exclusion techniques integrated 
with complex filtering mechanisms (Zhang et al., 2018). Photocatalysis presents a unique 
opportunity to generate H2Se gas or Se0 solid from selenium-containing industrially-impacted 
water. 
Previous studies investigating photocatalytic reduction of selenate on TiO2 were primarily 
focused on a simple solution of sodium selenate in DI (Kikuchi and Sakamoto, 2000; Labaran and 
Vohra, 2014; Nguyen et al., 2005b; T.T.Y. Tan et al., 2003b, 2003a). These investigations reported 
that selenate reduction to Se0 preceded the reduction of Se0 to H2Se, with H2Se generation expected 
after SeO42- is removed from solution. However, MIB also contains high concentrations of other 
anions and cations, such as Cl-, NO3-, CO3-, SO4- and Ca2+, which can influence photoreduction of 
selenate (Al-Abed et al., 2008). Nakajima et al. investigated the photocatalytic reduction of 
selenate in simulated flue gas desulphurization wastewater, and observed a significant inhibition 
in the reduction rate in presence of sulfate (Nakajima et al., 2013, 2011). This inhibition is 
attributed to the competition from sulfate for adsorption sites on TiO2. This multi-site competition 
of anions in real complex wastewaters for adsorption on TiO2, particularly in brines, provides 
alternate pathways for electrons during the reduction of selenate.  
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Herein, we present a method of generating either H2Se gas or solid Se0, through the 
photocatalytic reduction of selenate in synthetic mine-impacted brine. Both alternatives allow for 
unique opportunities of Se recovery. This study focuses on optimizing reactor conditions towards 
increasing the photocatalytic reduction kinetics and understanding the photogenerated electron 
transfer mechanisms responsible for generating either H2Se(g) or Se(s) during the reduction of 
selenate. A bivariate response surface analysis uncovers the reaction conditions required for 
production of >99% gaseous H2Se and >85% solid Se0. We propose a two-pronged electron 
transfer model to explain the selectivity towards solid Se0 or gaseous H2Se under varying 
conditions: (i) solid Se0 is produced through reduction of selenate by TiO2 conduction band 
electrons and (ii) H2Se gas is produced either through electrons transferred into Se0 followed by a 
reduction of Se0 to H2Se or through a direct reduction by !"#•	%. 
5.3 Materials and Methods 
5.3.1 Materials 
MIW was received from an operating mine in North America and stored at 4 °C in the dark. 
Synthetic mine impacted brine (SMIB) was produced by dissolving reagent grade salts in MIW to 
raise concentrations to industrial MIW brine levels to run controlled experiments. Titanium 
dioxide nanoparticles (Aeroxide P25, ~10-50 nm particle diameter, 55 m2 g-1 surface area, Acros) 
were used as received. P25 TiO2 nanoparticles have been extensively studied and characterized in 
the literature and are often used as a benchmark photocatalyst. Formic acid (ACS reagent, 97%, 
Alfa Aesar) was used as an electron hole scavenger. Sodium selenate (<0.1% impurities, BioXtra, 
Sigma-Aldrich), calcium sulphate (anhydrous, ACS reagent >96%, Sigma-Aldrich), sodium 
chloride (reagent grade, Sigma-Aldrich), sodium nitrate (>99%, ReagentPlus, Sigma-Aldrich), 
hydrochloric acid (37%), calcium hydroxide (ACS grade, Sigma-Aldrich), barium hydroxide 
(ACS grade, Sigma-Aldrich), and sodium hydroxide (ACS grade, Sigma-Aldrich) were used to 
synthesize SMIB. 
5.3.2 Preparation of SMIB 
SMIB was produced to mimic brine produced through membrane processes such as reverse 
osmosis (RO), or ion exchange processes. The brine was made from mine-impacted water by 
adding in appropriate amounts of NaNO3, Na2SO4, NaCl and CaSO4 to raise the concentrations of 
the primary anions and cations to match a realistic produced brine complex matrix. SMIB A was 
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prepared by the addition of the salts listed above. Next, SMIB A underwent a Ca(OH)2 addition 
step at pH 11 to remove carbonates, the main buffering component in the brine, through the 
precipitation of CaCO3. This precipitation was completed by slow mixing (100-150 rpm) for 2 
hours followed by filtering through a 0.2 µm polyethersulfone (PES) membrane. This precipitation 
step was implemented in order to mimic a high-density sludge (HDS) system which is used in 
mine-impacted water treatment to remove dissolved metals membrane generated brine. The 
carbonate in SMIB adds substantial pH buffer capacity, making it difficult to adjust the pH for 
photocatalytic tests. The Ca(OH)2 addition reduced the alkalinity (as CaCO3) from 200 mg/L to 
34 mg/L. This carbonate-reduced brine is referred to as SMIB B. Next, Ba(OH)2 was added to 
SMIB B to partially remove sulfate as BaSO4. This precipitation was completed under slow mixing 
(100-150 rpm) for 2 h to allow for precipitation of salts followed by filtering through a 0.2 µm 
polyethersulfone (PES) membrane. This precipitation step was implemented primarily to 
understand the effect of sulfates on the photocatalytic reduction of selenate in SMIB. The BaSO4 
salt precipitation reduced the sulfate concentration from 1,700 mg/L to 690 mg/L. This sulfate-
reduced brine is referred to as SMIB C. The full matrix composition of each SMIB can be found 
in Table C-1. 
5.3.3 Removal of selenate through photocatalytic reduction 
The photocatalytic reactor apparatus consists of an air tight stainless-steel reactor vessel of 
1.0 L capacity with a quartz-window through which UV was irradiated. SMIB was added to an 
internal PTFE liner followed by formic acid and TiO2. The air tight stainless-steel vessel with a 
quartz window was purged with bubbling N2 gas throughout the reaction to remove any H2Se gas 
which was then passed through two subsequent liquid scrubbers of CuSO4 and NaOH, respectively 
(Sanuki et al., 1999; T.T.Y. Tan et al., 2003b). The mixture was stirred in the dark for 1 h to attain 
adsorption-desorption equilibrium of inorganics with the TiO2 surface as well as to remove any 
dissolved oxygen and then placed in the photoreactor and exposed to UV light while being stirred. 
Samples of SMIB were taken throughout the treatment to determine both total and dissolved Se, 
through unfiltered and filtered samples, respectively. The reactor vessel was exposed to UV light 
using a UVA fluorescent bulb that had a wavelength filter which only supplied UVA (l = 365 nm) 
light (Blak Ray B-100A 95-0044-22). The photon irradiance ,- was determined to be 
9.891 × 10:; photons cm-2 s-1. Photon irradiance was determined through potassium ferrioxalate 
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actinometry (Bowman and Demas, 1976; Hatchard and Parker, 1956). Control of fluence was used 
instead of operating time to make our results comparable with other studies. 
5.3.4 Analysis 
Se concentration was determined in accordance with the U.S. EPA suggested Se 
determination technique (APHA 2009, Method 3114B/C) using hydride generation inductively 
coupled plasma optical emission spectroscopy (HG-ICP-OES, Teledyne Prodigy ICP and Cetac 
HGX-200 advanced membrane hydride generation system, LOD = 1 µg L-1). Both dissolved and 
total Se were determined by HG-ICP-OES following acid digestion using the protocol U.S. EPA 
Method 3050B (U.S. EPA, 1996). The insoluble Se fraction (considered to be elemental Se) 
present in the water was calculated from the difference of total and dissolved Se concentrations. 
Gaseous H2Se was calculated from the difference between the initial total Se in the water and total 
Se in the TiO2 suspension after UV exposure. Based on several past studies on photocatalytic 
reduction of selenate on TiO2 (Nguyen et al., 2005b; Sanuki et al., 1999; T.T.Y. Tan et al., 2003a), 
the gaseous Se species is assumed to be H2Se, although the direct identification of gaseous Se 
species is a challenging task (Kot and Namiesńik, 2000; Uden, 2002). Se analytics is currently a 
major developing field of study, with researchers looking into new and improved approaches for 
gaseous and solid Se speciation analytical techniques (Santos et al., 2015). 
Total organic carbon (TOC, APHA 5310B, combustion temperature 800 °C), chemical 
oxygen demand (COD, APHA 5220D), biochemical oxygen demand (BOD, APHA 5210B), anion 
concentration by ion chromatography (bromide, chloride, fluoride, nitrate, nitrite and sulfate, EPA 
300.1), total ammonia (Watson et al., 2005), speciated alkalinity (as CaCO3, EPA 310.2), and total 
and dissolved metals by inductively coupled plasma mass spectrometry (ICPMS, EPA 
200.2/6020A and APHA 3030B/6020A) were measured according to standard methods by ALS 
Environmental (Calgary, AB, Canada), a laboratory accredited by the Canadian Association for 
Laboratory Accreditation (CALA) according to international standards (ISO 17025). Total and 
dissolved Se concentration done at the University of Waterloo were confirmed by ALS 
Environmental on a number of analytical checks. 
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5.4 Results and Discussion 
5.4.1 Photocatalytic reduction of selenate in synthetic mine impacted brine 
Figure 5-1 shows the Se removal in SMIB A, B and C via photocatalytic reduction of 
selenate over TiO2. In order to compare the SMIBs, the pH was maintained at pH 4.5 throughout 
the entire reaction with NaOH and HCl, temperature was maintained at 37°C, TiO2 was added in 
0.2 g/L concentration and formic acid was added at 300 mg/L. The apparent first-order reaction 
rate constant for the reduction of selenate in SMIB A and B are very similar:  1.30 ± 0.04 and 1.21  
± 0.05 cm2 / 1020 photons, respectively. The presence of carbonates does not seem to affect the 
photocatalytic reduction of selenate. Although it is worth noting that the 300 mg/L formic acid 
addition in SMIB A causes a reduction of pH from 8.16 to 3.74 and in SMIB B causes a reduction 
of pH 7.81 to 3.18. The lower pH is reached due to the reduced buffering capacity of the brine. In 
this experiment, the pH is controlled and maintained at pH 4.5 to highlight the presence of 
carbonate and sulfate as the sole factors affecting the photocatalytic reduction of selenate, although 
pH effects are discussed later on. In addition, the addition of Ba(OH)2 enables some selenate 
removal through adsorption onto the barium sulfate precipitate, which was responsible for 19% 
removal of Se prior to the photocatalytic reduction of selenate. The apparent first-order reaction 
rate constant for the reduction of selenate in SMIB C is also higher (2.14 ± 0.07 cm2 / 1020 photons) 
than that in SMIB A and B. The presence of sulfate is known to hinder the adsorption of selenate 
on the surface of TiO2 by limiting its coverage of reaction sites (T. Yang et al., 2013). 
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Figure 5-1. Effect of brine pretreatment/ preparation on photocatalytic reduction of selenate in 
synthetic mine impacted brine (SMIB). Reaction conditions: 0.2 g L-1 TiO2, pH 4.5, 300 mg L-1 
formic acid and 37°C. 
 The removal of selenate through photocatalytic reduction can follow either the reduction 
of SeO42- to Se0 or further reduction of Se0 to H2Se. These reductions are presented in equations 
5.1 and 5.2. Selectivity (S(x)t) of the specific Se reduction product, either Se0(s) or H2Se(g), can be 
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 The relative Se speciation during photocatalytic reduction of selenate in SMIB A, B and C 
are presented in Figure C-1, Figure C-2 and Figure C-3, respectively. The selectivity of Se0(s) 
generation in the photocatalytic reduction of selenate in SMIB A is the highest among the three 
brine formulations, with an average ?ê?&(I)H ëP of 0.468. During the reduction of selenate in SMIB 
B and C the ?ê?&(I)H ëP is 0.311 and 0.328, respectively. Given these results, it is postulated that 
sulfate does not have much of an effect on the selectivity of Se0(s) vs H2Se(g) during the 
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photoreduction, since SMIB B and C have very different sulfate concentrations yet yield the same 
ratio of Se reduction products. We then hypothesize that carbonate plays more of a major role in 
the selectivity towards Se0(s). Previous researchers have demonstrated that HCO3- or CO32- act as 
electron hole scavengers, consuming OH• radicals in solution and h+ on the surface of TiO2 
(Arakawa and Sayama, 2000; Ni et al., 2007). This could explain why the reaction rate for the 
reduction of selenate in SMIB A is slightly faster than in SMIB B, which had carbonate removed.  
 SMIB B best represents the brine produced in a membrane or ion exchange process 
followed by an HDS processing step, common in the treatment of mine-impacted water. As a 
result, SMIB B is the primary focus of this paper and hereafter is just referred to as SMIB. The 
photocatalytic reduction of selenate in SMIB on TiO2 appears to primarily remove selenate in the 
presence of many other oxyanions and cations. The SMIB contains nitrate, sulfate and carbonate, 
all of which compete for the adsorption and reduction sites on TiO2. The concentrations of sulfate 
and nitrate over the span of the UV exposure and Se removal are shown in Figure C-6 to remain 
nearly fully intact throughout the experiment. Since nitrate and sulfate removal are <3% and <1%, 
respectively, when 99% Se has been removed the reduction process appears to be preferential for 
selenate. 
5.4.2 Increasing kinetics of Se reduction in SMIB by increasing temperature 
Figure 5-2a-c show the effect of temperature on the photocatalytic reduction of selenate in 
SMIB. The removal of selenate is faster at higher temperature. The apparent first-order reaction 
constants for the reduction at 12°C, 47°C, and 62°C are 0.96 ± 0.08 cm2/1020 photons, 4.83 ± 0.46 
cm2/1020 photons and 8.16 ± 0.41 cm2/1020 photons, respectively. Calculation of the activation 
energy of selenate removal from an Arrhenius plot (Figure C-5.) yields Eaa = 34.29 kJ mol-1.   
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Figure 5-2. Relative Se speciation during photocatalytic reduction of selenate under varying 
temperature and formic acid concentration conditions (a) 12°C, (b) 47°C, (c) 62°C, (d) 300 mg/L 
formic acid, (e) 600 mg/L formic acid, and (f) 1,200 mg/L formic acid. Reaction conditions 47°C, 
600 mg/L formic acid, 0.5 g/L TiO2, pH 3 unless otherwise noted.  
The temperature dependence of photocatalytic reduction of nitrate has been reported 
previously (Anderson, 2012, 2011). Anderson reported that the activation energies for the 
simultaneous photocatalytic removal of nitrate and oxalic acid over Au-TiO2 are 34 and 42 kJ/mol, 
respectively, due to the generation and desorption of the CO2 gaseous product. These activation 
energies are in line with the findings of this study. Higher ,ff’s are commonly observed for gas 
generating photocatalytic reactions due to the increased desorption of gases at higher temperatures 
(Hu et al., 2010). The desorption of produced gases has a major effect on photocatalytic activity, 
especially when the generated H2Se is known to poison catalytic surfaces, similar to H2S (Argyle 
and Bartholomew, 2015). 
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We postulate that mass transport associated with adsorption of reactants to active sites and 
the desorption of products from active sites on the catalyst is likely to cause larger ,ff. The active 
sites on TiO2 tend to bend defects in the crystal lattice and areas where two different crystalline 
phases (rutile and anatase) are in contact. Adsorption involves less than a quarter of the active sites 
on the surface of TiO2 and thus diffusion to and from these active sites is critical for high 
photocatalytic activity (Muggli and Backes, 2002). Thus, ,ff is an indication of the enthalpies 
associated with adsorption of reactants or desorption of products from the active sites of the 
photocatalyst.  
Upon inspection of % Se speciation in Figure 5-2a-c, it is obvious that not only is the 
selenate removal rate increasing with increasing temperature, but the relative selectivity to H2Se 
gas increases with increasing temperature as well. An overall discussion of the mechanism for this 
electron transfer process is discussed in a later section in this chapter. 
5.4.3 Effect of formic acid concentration of the selectivity of Se product 
Formic acid plays two critical roles during the reduction of selenate in SMIB. Primarily, it 
functions as an electron hole scavenger, allowing for greater separation of the photogenerated 
electron and electron hole pairs, thus extending the reducibility of the TiO2 e-CB. Secondly, formic 
acid adjusts the pH, from approximately 8 to between 3-5. Low pH favors faster kinetics in the 
photoreduction of selenate on TiO2 (Tan et al., 2002). Previous studies compared various small 
organic molecules for their function as an electron hole scavenger in the photocatalytic reduction 
of selenate over TiO2 and the use of formic acid attained the highest reduction rates of Se (T.T.Y. 
Tan et al., 2003a). 
Figure 5-2d-f shows the effect of formic acid concentration on the photocatalytic reduction 
of selenate in SMIB. The removal of selenate is slightly faster at higher concentration of formic 
acid. The apparent first-order reaction constants for the reduction at 300, 600, and 1,200 mg/L 
formic acid are 4.67 ± 0.63 cm2/1020 photons, 4.83 ± 0.46 cm2/1020 photons and 6.22 ± 0.59 
cm2/1020 photons, respectively. However, a decrease in formic acid concentration greatly increases 
the selectivity to H2Se(g), causing the ratio of H2Se : Se0 to rise. This is an indication that the 
reduction reaction of Se0 to H2Se is inhibited at higher formic acid concentrations. 
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5.4.4 Effect of increasing TiO2 concentration on the selectivity of Se product 
The effect of TiO2 concentration is evident by comparing Figure 5-2c to Figure 5-3 where 
0.5 g/L and 1.0 g/L TiO2 were used, respectively.  Under similar reaction conditions (62°C, 600 
mg/L formic acid, pH 3) a drastic change results by introducing twice the TiO2 into the reactor. 
The moves the reaction from generating primarily H2Se(g) (>98% H2Se) to generating primarily 
Se0(s) (>85% Se0) as a result of doubling the TiO2 concentration. This result is surprising because 
increasing the TiO2 concentration while holding the formic acid concentration constant essentially 
reduces the relative available formic acid per unit area of the TiO2 catalyst. In the previous 
discussion, we saw that a decrease in formic acid concentration leads to an increase in the 
production of H2Se rather than a decrease. One possible explanation could be that concentrations 
the nanoparticles aggregate extensively at higher TiO2, reducing the overall surface area available 
for reduction and entrapping solid Se0 in the interior of TiO2 aggregates (Degabriel et al., 2018). 
Additionally, an increase in TiO2 decreases the photon penetration into the solution and could 
affect the availability of photogenerated electrons in areas behind the UV absorption region 
(Schneider et al., 2014).  
 
Figure 5-3. Relative Se speciation during photocatalytic reduction of selenate under 62°C, 600 
mg/L formic acid, 1.0 g/L TiO2, pH 3 reaction conditions. 
5.4.5 Combined effect of temperature and formic acid concentration on reduction 
In response to understanding the complex interaction between temperature and formic acid 
concentration and their impact on both the apparent first-order reaction rate constant and the 
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selectivity of the Se reduction product, further investigation was desired. Response surface 
methodology was used to develop an empirical model for the combined effects of temperature and 
formic acid concentration on the apparent first-order rate constant of selenate reduction in SMIB, 
following a central composite design described in Table 5-1. The results of this analysis are 
summarized in Table C-2. This response surface analysis allows us to investigate the effect of the 
bivariate compounding factors of temperature and formic acid concentration on the photocatalytic 
reduction of selenate in SMIB. 
Table 5-1. Range, levels and coding of the experimental variables in the response surface study 
for the apparent first-order reaction rate constant. 
Designation Factor 
Range and level 
−√2 −1 0 1 √2 
v: Temperature (°C) 12 19 37 55 62 
v# Formic acid concentration (mg L-1) 25 193 600 1007 1175 
The least squares regression fit of the response surface is presented in Figure 5-4 and 
described by the relationship 
wx = 4.6407 + 2.3589v1 + 0.6077v2 − 0.0773v12 − 1.1607v22 + 0.3104v1v2             (5.5)             
or described in natural variables as, 
F1--,: = −2.807 + (1.113 × 10%:)z + (8.264 × 10%Ö)!{lVTV − (7.917 × 10
%;)z# −
(6.949 × 10%|)!{lVTV
# + (4.236 × 10%;)z!{lVTV                                                                                (5.6) 
where T is in °C and !{lVTV is in mg L
-1.  
 
  Chapter 5 
 119 
 
Figure 5-4. Response surface fit of the apparent first-order reaction rate constant for the 
photocatalytic reduction of selenate in SMIB as a function of temperature and formic acid 
concentration. Reaction conditions: pH 3 and 0.5 g L-1 TiO2.  
Regression diagnostics and analysis of variance (ANOVA) for the response surface are 
presented in Figure C-7 and Table C-3, respectively. Notably, ANOVA indicates that the overall 
regression of the response surface is statistically significant (p value 0.0362). However, the only 
statistically significant individual term is temperature when determining the apparent first-order 
rate constant (p value of 0.0028), whereas all other terms (!{lVTV and all second order terms) are 
not statistically significant (p value > 0.05). In other words, the primary variable of influence on 
the reaction rate for the reduction of selenate is the temperature of reaction. The concentration of 
formic acid plays a smaller role in determining the reaction rate, likely because all experiments 
were conducted with formic acid present in excess. The lowest concentration of formic acid used 
25 mg/L, corresponds to a 13:1 formic acid : selenate ratio, and the theoretical molar ratio of formic 
acid to Se is 8:1 to supply 8 electrons for the reduction of selenate to hydrogen selenide gas. A 
slight reduction in the reaction rate at higher concentrations of formic acid occurs, presumably due 
to competition for adsorption/reduction sites on TiO2, thus inhibiting the reduction of selenate. 
Response surface methodology is also used to develop an empirical model for the 
combined effects of temperature and formic acid concentration on the selectivity of selenate 
reduction product, either to solid elemental Se or to gaseous hydrogen selenide gas, following the 
same central composite design described in Table 5-1. The results are summarized in Table C-4. 
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The least squares regression fit of the response surface is presented in Figure 5-5, and described 
by the relationship 
wx = 0.5736 − 0.2389v1 + 0.1831v2 − 0.0667v12 + 0.1428v22 + 0.1774v1v2             (5.7)             
or described in natural variables as, 
?ê?&(I)
H ë = 1.356 − (1.232 × 10%#)z − (1.480 × 10%Ö)!{lVTV − (2.090 × 10
%@)z# +
(8.612 × 10%®)!{lVTV
# + (2.422 × 10%;)z!{lVTV                                                                                  (5.8) 
?êE#?&(L)ë = 1 − 	?ê?&(I)
H ë                                                       (5.9) 




Figure 5-5. Response surfaces of selectivity of Se product generation (a) Se0(s) selectivity and (b) 
H2Se(g) selectivity during the photocatalytic reduction of selenate in synthetic mine impacted brine. 
Regression diagnostics and analysis of variance (ANOVA) for the response surface are 
presented in Figure C-8 and Table C-5, respectively. Since the selectivity of H2Se(g) is simply 1-
S(Se0(s)), the ANOVA was only conducted on the response surface for the selectivity towards Se0(s). 
Notably, ANOVA indicated that every term in the quadratic model is statistically significant when 
determining the selectivity to solid elemental Se (p value < 0.05). In comparison to the response 
model for the reaction rate constant, kapp,1, the quadratic terms as well as the bivariate interaction 
term play a major role in the selectivity of Se product. In other words, the concentration of formic 
acid has a much greater impact on determining the final Se product generated from the 
photocatalytic reduction of selenate in SMIB than it does on determining the reaction rate. It is 
postulated that the surface interaction with adsorbed selenate and formate on TiO2 is a major factor.  
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An increase in temperature decreases the adsorption onto TiO2 due to the outer-sphere 
complexes between both selenate and formate with the TiO2 surface (Savory and McQuillan, 2013; 
Zhang et al., 2009; Gong et al., 2006). At higher temperature, formate adsorbs less strongly to 
TiO2 surfaces due primarily to outer-sphere complexes formed between formate and TiO2 (101) at 
pH 3 (Savory and McQuillan, 2013) so that selenate is less able to adsorb. Under conditions of 
excess formic acid concentrations, the increased adsorption of formate at lower temperatures does 
not make a difference because the surface is already fully saturated (Figure 5-5a). Under conditions 
of high formic acid concentration, formate greatly outnumbers the molecules of selenate (700x 
molar concentration of selenate) for adsorption sites on TiO2.  
Formic acid adsorption occurs most readily at lower temperatures and higher formic acid 
concentration and the selectivity to Se0(s) is highest under these conditions (>95%, see Figure 5-
5a). Under the conditions of low formic acid concentration and high temperatures, less formic acid 
adsorbs and the selectivity to Se0(s) is the lowest (<10%, see Figure 5-5a). The proposed mechanism 
behind the relationship between formate adsorption and Se product selectivity is discussed in the 
following section. 
5.4.6 Mechanism of photocatalytic selenate reduction 
The photocatalytic reduction of selenate can follow one of two pathways: reduction of 
aqueous SeO42- to Se0 and the further reduction of Se0 to H2Se. The two reduction reactions occur 
at different reduction potentials (SeO42- / Se0, E0 = 0.5 V vs. SHE and Se0 / H2Se, E0 = -0.6 V), 
with the further reduction of Se0 to H2Se above the reduction potential of the TiO2 conduction 
band (ECB,anatase= -0.1V, ECB,rutile= 0.3V (Nosaka and Nosaka, 2016b)). Due to thermodynamic 
constraints, the TiO2 conduction band electrons do not have enough reduction potential to reduce 
Se0 to H2Se. Thus, the electrons must be excited through another pathway, such as Se-
photogeneration to drive the reduction to H2Se. It is also of interest to determine which 
semiconducting material, TiO2 or Se, is responsible for supplying photogenerated electrons for the 
reduction of selenate to Se0. The redox potential of selenate to Se0 (E0 = 0.5 V vs. SHE) is not 
within the bandgap of Se (ECB,Se = -1.7 V, EVB,Se = 0.2 V vs. SHE (Benkhedir et al., 2004)) and 
hence the selenate reduction by Se photogenerated electrons is not thermodynamically viable.  
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Temperature affects both the reduction of selenate to Se0 and Se0 to H2Se. Higher 
temperature leads to faster reduction rates for both reactions (Figure 5-2a-c). The increase in 
reaction rate for the reduction of selenate is likely due to mass transfer limitations. At higher 
temperatures more unoccupied active sites on TiO2 are available for selenate because both sulfate 
and formate, primarily adsorbed through outer sphere complexes (Savory and McQuillan, 2013), 
will desorb at a faster rate. Selenate is known to adsorb through outer-sphere complexes as well. 
However, due to the relative concentration of selenate compared to sulfate and formate, the net 
availability of active sites on the TiO2 surface will increase, speeding up the reduction of selenate. 
It is postulated that the increase in reaction rate for the reduction of Se0 to H2Se is due to thermally 
accessible defects in Se0 which reduce the bandgap of Se, allowing for greater electron excitation 
at higher temperatures (Kasap et al., 2015). Thus, it is proposed that access to defects within the 
Se bandgap allow for faster production of H2Se gas.   
Experimental data and thermodynamic considerations strongly suggest that the further 
reduction of Se0 to H2Se (E0 = -0.6 V vs. SHE) is the result of either Se conduction band electrons 
(ECB,Se = -1.7 V vs. SHE) or reduction by the very strongly reducing species carbon dioxide radical 
(!"#•	%) (E0= -2.0V vs SHE) (Hérissan et al., 2017; Perissinotti et al., 2001). When formic acid is 
present, the produced !"#•	% has several different pathways of decay: it can inject electrons into 
the TiO2 conduction band (a phenomenon known as current-doubling effect (Yang et al., 2015)), 
transfer an electron to Se0 to run the reduction to H2Se, dimerize to form oxalate (Curtin et al., 
2004; Kai et al., 2018), or transfer an electron to one of the various electron acceptors present in 
the complex SMIB solution. A major factor influencing the favoured pathway of decay is the 
concentration of formic acid. As discussed previously, Figure 5-5a shows that under conditions of 
low formate adsorption the primary Se reduction product is H2Se and under high formate 
adsorption the primary Se reduction product is Se0. 
Both selenate and Se0 reduction reactions involving Se have two opposing responses to 
formic acid concentration. Firstly, high formate concentration leads to higher e-/h+ separation and 
high !"#•	% generation through h+ scavenging, contributing to an increase in selenate and Se0 
reduction, respectively (Perissinotti et al., 2001; T.T.Y. Tan et al., 2003a). However, high formate 
concentration also limits selenate adsorption through competitive adsorption for active sites on the 
TiO2 surface (T.T.Y. Tan et al., 2003b). At excess concentrations of formic acid, !"#•	% may 
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dimerize to form oxalate before it can reduce Se0 to H2Se (Curtin et al., 2004; Kai et al., 2018). 
The chelation between oxalate and Se has been reported (Khan and Berk, 2015). It is postulated 
that oxalate may lead to a protective inner-sphere shell around photodeposited Se0, preventing 
further reduction of Se0 with non-dimerized !"#•	% molecules in solution. Thus, even though an 
increase in formic acid concentration may increase the selenate reduction rate, it can actually lead 
to an inhibition of the Se0 reduction when formic acid concentration exceeds 1,000 mg/L, as seen 
in Figure 5-5a. 
5.5 Conclusions 
This study investigated the viability of photocatalytic reduction using TiO2 to remove 
selenate from synthetic mine-impacted brines (SMIB) and focused on the tunable nature of the 
production of solid Se0 vs H2Se gas through varying photoreactor parameters of temperature and 
formic acid concentration. Photocatalytic reduction on TiO2 can effectively remove Se from SMIB 
to < 2 µg/L from an initial Se concentration 3,300 µg/L at under 10´1019 photons cm-2. The 
reduction of SO42- concentration from 1,700 to 723 mg/L leads to an increase of the apparent first-
order reaction rate constant by 77%, indicating that SO42- is a primary competitor for adsorption 
sites with SeO42- on TiO2. On the other hand, the presence of HCO3- leads to a higher selectivity 
for solid Se0.  
An increase in solution temperature leads to a marked increase in SeO42- removal kinetics 
and an increase in selectivity towards gaseous H2Se, while increasing the concentration of formic 
acid in the SMIB slightly increases SeO42- removal kinetics and decreases the selectivity towards 
gaseous H2Se. Increasing the concentration of TiO2 from 0.5 g/L to 1.0 g/L causes a drastic change 
in selectivity towards solid Se0 from <1% to >85%, respectively.  A bivariate response surface 
analysis was used to elucidate the mechanism behind the production of >99% gaseous H2Se or 
>85% solid Se0. A two-pronged electron transfer model was proposed to explain the selectivity 
towards solid Se0 vs gaseous H2Se under varying conditions: (i) solid Se0 is produced through 
direct reduction of selenate by TiO2 conduction band electrons and (ii) H2Se gas is produced either 
through electrons transferred into Se0 followed by a reduction of Se0 to H2Se or through a direct 
reduction by !"#•	%. 
Photocatalysis presents a unique approach for the generation of gaseous H2Se or solid Se0, 
both of which have a high potential for Se recovery from mine-impacted water and brine. Although 
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handling H2Se does pose a safety concern due to its toxicity, the proposed process provides an 
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6  Enhanced photocatalytic selectivity of noble metallized TiO2 (Ag-, 
Au-, Pt- and Pd-TiO2) nanoparticles in the reduction of selenate in 
water: Tunable Se reduction product H2Se(g) vs. Se(s) 
 
This chapter is modified from: 
 
Holmes, A.B., Daid, K., Livera, D., and Gu, F. (in preparation). Enhanced photocatalytic 
selectivity of noble metallized TiO2 (Ag-, Au-, Pt- and Pd-TiO2) nanoparticles in the reduction of 
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6.1  Summary 
Selenium (Se) contamination as a result of anthropogenic activity (i.e. mining, power 
generation and oil and gas refining) is becoming a global concern due to its associated aquatic 
toxicity concerns.  Herein, heterogenous nanoscale photocatalysts were synthesized by depositing 
noble metal nanoparticles (Au, Ag, Pt and Pd) onto TiO2, which demonstrated work-function 
dependent bimodal selectivity of final products during the photocatalytic reduction of selenate to 
elemental Se (Se0) or hydrogen selenide gas (H2Se). The Se-noble metal-TiO2 (Se-NM-TiO2) 
photocatalytic system is structured in a direct Z-scheme arrangement, when Au, Ag or Pt are used, 
allowing for high selectivity towards H2Se. In contrast, Pd acted as an electron sink which 
decreased the reducibility of the photogenerated electrons, ultimately causing a higher selectivity 
towards Se0. Au-TiO2 offers the largest H2Se selectivity of all catalysts tested, while Pd-TiO2 
(highest work function) offers the highest selectivity to solid Se0 generation. This study elucidates 
electron transport mechanisms and Fermi level equilibration via quantized double-layer charging 
effects of the Se-NM-TiO2 system and sheds light on advanced reduction processes using 
nanoscale heterogeneous catalysts. Finally, the proposed approach provides flexibility toward the 
final state of Se after treatment, by allowing for two different possible options of Se capture and 
recovery: direct solid Se capture from the catalyst and scrubbing to recover gaseous H2Se. The 
tunability of the Se reduction product is key in designing a sustainable treatment approach with a 
potential for Se capture and reuse. 
6.2 Introduction 
Selenium (Se) is a naturally occurring metalloid element, which is essential for all living 
organisms including humans in trace amounts. Of all the essential elements, Se has one of the 
narrowest therapeutic windows between dietary deficiency (< 40 µg/day) and toxicity (> 400 
µg/day) (Fordyce, 2013), which makes it important to carefully control human and aquatic 
exposure to Se. Se can enter surface waterways through a variety of sources, including agricultural 
runoff, mining, industrial production, coal-powered thermal electric generation and other 
anthropogenic activities (Holmes and Gu, 2016; Santos et al., 2015). The World Health 
Organization (WHO) and the U.S. Environmental Protection Agency (U.S. EPA) recognize the 
dangers of Se and have mandated maximum acceptable levels for Se in water of 10 µg/L and 1.5 
µg/L, respectively (World Health Organization, 2011; U.S. EPA Office of Water, 2016). Se exists 
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in many organic and inorganic forms, but the high solubility and bioavailability of inorganic 
species such as selenite (SeO32-) and selenate (SeO42-) makes these oxoanions the primary focus 
for removal from water. 
Se removal using bioreactors (Lai et al., 2014; Mal et al., 2017) and wetland remediation 
(Mooney and Murray-Gulde, 2008) have been studied, but the advanced operating complexity, 
high start-up costs and large footprint requirement have limited the practical application of these 
techniques. Alternatively, Se adsorptive techniques which rely on the affinity of SeO32- and SeO42- 
to the surface of designed adsorbents such as ferrihydrite (iron (III) oxyhydroxide), hematite, 
goethite, activated alumina or various ion exchange resins have been explored (Ippolito et al., 
2009; Rovira et al., 2008).  However, the weak bond between SeO42- and mineral surfaces through 
an outer-sphere adsorption complex makes adsorptive techniques much less effective (Jordan et 
al., 2013). Photocatalytic techniques have been shown to remove both SeO32- and SeO42- with great 
efficiency (Nakajima et al., 2013; Nguyen et al., 2005b; T.T.Y. Tan et al., 2003a).  
Photocatalytic reactions driven by semiconductors such as TiO2 are initiated by UV light 
absorption. Upon UV irradiation, electrons (e-) are excited into the conduction band (CB) and 
positive charge carriers known as electron holes (h+) form in the valence band (VB). Both charge 
carriers migrate to the TiO2 surface, driving the reduction and oxidation reactions. However, large 
quantum inefficiencies in TiO2 photocatalysis resulting from e--h+ recombination present 
important challenges to the overall efficiency of the redox reactions. One method of decreasing 
photogenerated charge carrier recombination is the use of an electron hole scavenger such as 
formic acid that readily reacts with the photogenerated holes in the VB and preserves the electrons 
in the CB of TiO2 (T.T.Y. Tan et al., 2003a, 2003b). However, this method has its limitations and 
can only extend the lifetime of photogenerated charge carriers by a restricted amount and yields a 
maximum band shift of only -0.53 eV (Di Valentin and Fittipaldi, 2013). As a result, many 
researchers have focused their efforts towards synthesis strategies that improve TiO2 
photocatalytic activity such as deposition of other materials, dye sensitization, doping and 
metallization. TiO2 metallization involves depositing noble metals such as Ag, Au, Pt and Pd onto 
the TiO2 surface and have been widely used in environmental photocatalysis (Y. Chen et al., 2017; 
Choi et al., 2017; Kumar and Rao, 2017; Liu et al., 2017; Tan et al., 2015; Vaiano et al., 2016; Wu 
et al., 2015). In this case, it is proposed that the metal/TiO2 heterojunction influences the charge 
carrier transfer process on the TiO2 particles (Giannakas et al., 2017; T. H. Tan et al., 2018).  The 
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difference between the work function of the metal islands and the Fermi level of TiO2 results in 
the formation of a Schottky barrier between these two materials. Upon UV irradiation, CB 
electrons flow from the TiO2 particles to the metal and increase the charge carrier separation. 
Semiconductor-metal composites have been suggested for a wide variety of environmental 
applications (Hernández-Ramírez et al., 2017; Lou et al., 2017; Paul et al., 2017; Zhu et al., 2017), 
including Ag-TiO2 for the reduction and removal of selenate from water (T.T.Y. Tan et al., 2003c).  
The introduction of elemental Se, a second photosensitive semiconducting material upon 
the photoreduction of selenate adds another complexity into the charge transfer model of this 
process (Tan et al., 2002; T.T.Y. Tan et al., 2003b; T. T. Y. Tan et al., 2003). This heterogeneous 
photocatalytic system has been shown to further enhance the transfer and separation of 
photogenerated charge carriers (Rockafellow et al., 2010; Zheng et al., 2017). Photodeposited 
elemental Se has complementary band positions to TiO2, promoting the activity of photocatalytic 
reactions through the further spatial separations of excited electrons and holes within the interfacial 
area. The arrangement of two such semiconductors can form one of two possible arrangements: 
heterojunction-type or direct Z-scheme (Low et al., 2017). This arrangement influences the charge 
carrier transfer mode between the two semiconducting materials. In heterojunction-type 
photocatalytic systems, the photogenerated electrons transfer between conduction bands directly, 
while the photogenerated holes move between adjacent valence bands. Although this arrangement 
does encourage greater spatial isolation and decreased undesirable recombination, it also reduces 
the redox ability of photogenerated electrons and holes (Low et al., 2017). In a direct Z-scheme, 
the photogenerated electrons in the CB of TiO2 migrate through a conductive interface to combine 
with the photogenerated holes in the VB of Se. This maintains the strong reducibility of the 
electrons in the CB of Se and the strong oxidizability of the holes in the VB of TiO2. 
Herein, we probe the complex Se-TiO2 photoreduction system with metallized TiO2 
heterogeneous photocatalysts (Ag-, Au-, Pt- and Pd-TiO2) with different metal work functions to 
understand the electron transfer phenomena during the photocatalytic reduction of selenate in 
water in the presence of an electron hole scavenger, formic acid. Additionally, the selectivity of 
the reduction of SeO42- to solid elemental Se (Se0) and the further reduction of Se0 to hydrogen 
selenide gas (H2Se) is investigated over the various noble metal deposited photocatalysts. 
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6.3 Materials and Methods 
6.3.1 Materials 
All chemicals used were analytical reagent grade. Titanium dioxide nanoparticles 
(Aeroxide P25, ~10-50 nm particle diameter, 55 m2 g-1 surface area, Acros) were used as received. 
P25 TiO2 nanoparticles have been extensively studied and characterized in the past and are often 
used as a benchmark photocatalyst. All reagent solutions were prepared with deionized water 
(Milli-Q). Formic acid (ACS reagent, 97%, Alfa Aesar) was used as an electron hole scavenger. 
Sodium selenate (Sigma-Aldrich, BioXtra, <0.1% impurities), urea (Sigma-Aldrich, 8M in high 
purity water), HAuCl4 (Sigma-Aldrich, 99.999%), AgNO3 (Sigma-Aldrich, ≥99%), H2PtCl6·6H2O 
(Sigma-Aldrich, ACS reagent, ≥37.50% Pt basis), PdCl2 (Sigma-Aldrich, ≥99%), NaOH (Sigma-
Aldrich, ACS reagent), NaCl (EMD, ACS reagent), Dihydroethidium (DHE, Sigma-Aldrich, 
BioReagent > 95%), potassium nitrosodisulfonate (Fremy’s Salt, Sigma-Aldrich) were used as 
received. 
6.3.2 Nanoparticle Synthesis and Characterization 
Au-TiO2 synthesis. Nanometer-sized Au particles were deposited on the surface of TiO2 
by the deposition-precipitation method 1 g of TiO2 was added to 100 mL of an aqueous solution 
of HAuCl4 (5.9 × 10-4 mol L-1) and urea (0.42 mol L-1) (Zanella et al., 2002). The initial pH was 
2.4. The suspension thermostated at 90 °C was then vigorously stirred for 5 h before being 
centrifuged, washed, dried and calcined at 300 °C for 3 hours. These particles were prepared with 
a loading of 1 wt.% Au on TiO2 (Au-TiO2). 
Ag-TiO2 synthesis. Nanometer-sized Ag particles were deposited on the surface of TiO2 
by a photodeposition technique (Chan and Barteau, 2005, p. 2). 1 g of TiO2 was added to 200 mL 
of an aqueous solution of AgNO3 (4.6 × 10-4 mol L-1) and formic acid (1.3 × 10-2 mol L-1). The 
suspension was exposed to UVA (λ=365nm) irradiation for 2 hours (11.0 mW/cm2 supplied from 
Blak Ray B-100A) to ensure complete reaction and then centrifuged, washed and calcined at 300 
°C for 3 hours. These particles were prepared with a loading of 1 wt.% Ag on TiO2 (Ag-TiO2). 
Pt-TiO2 synthesis. Nanometer-sized Pt particles were deposited on the surface of TiO2 by 
a photodeposition technique (Vaiano et al., 2016, p. 2). 1 g of TiO2 was added to 200 mL of an 
aqueous solution of H2PtCl6 (2.6 × 10-4 mol L-1) and formic acid (1.3 × 10-2 mol L-1). Under an 
inert atmosphere (N2), the suspension was exposed to UVA (λ=365nm) irradiation for 4 hours 
(11.0 mW/cm2 supplied from Blak Ray B-100A) to ensure complete reaction and then centrifuged, 
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washed and calcined at 300 °C for 3 hours. These particles were prepared with a loading of 1 wt.% 
Pt on TiO2 (Pt-TiO2). 
Pd-TiO2 synthesis. Nanometer-sized Pd particles were deposited on the surface of TiO2 by 
a photodeposition method (Papp et al., 1993). 1 g of TiO2 was added to 200 mL of an aqueous 
solution of PdCl2 (4.7 × 10-4 mol L-1), of NaCl (2.6 × 10-3 mol L-1) and formic acid (1.3 × 10-2 mol 
L-1). Under an inert atmosphere (N2), the suspension was pH adjusted with 1M NaOH to pH 11, 
then exposed to UVA (λ=365nm) irradiation for 6 hours (11.0 mW/cm2 supplied from Blak Ray 
B-100A) to ensure complete reaction and then centrifuged, washed and calcined at 300 °C for 3 
hours. These particles were prepared with a loading of 1 wt.% Pd on TiO2 (Pd-TiO2). 
Particle size and deposit structure was analyzed by TEM (Philips CM-10, 60 keV) for each 
TiO2, Ag-TiO2, Au-TiO2, Pt-TiO2, and Pd-TiO2. The hydrodynamic diameter of the particles in 
water was measured by DLS (Brookhaven 90Plus Particle Size Analyzer, lognormal volume-
weighted median diameter). The surface area of the particles (pre-dried at 200 °C in N2) was 
calculated from the Brunauer–Emmett–Teller (BET) equation using data from N2 adsorption 
isotherms obtained at 77 K (Micrometrics Gemini VII 2390 Surface Area Analyser). High 
resolution transmission electron microscopy (HR-TEM, FEI Titan 80-300 LB) and Electron 
energy loss spectroscopy (EELS, Gatan K2 Direct Detection Camera) were used to examine the 
Se deposits on TiO2.  
6.3.3 Batch photocatalytic reduction experiments 
The photocatalytic reactor apparatus consists of an air tight stainless-steel reactor vessel of 
1.0 L capacity with a quartz-window through which UV was irradiated. The experimental 
apparatus is illustrated in Figure D-1.  Sodium selenate solution (0.06 mM as Se) was added to an 
internal PTFE liner followed by formic acid (6.5 mM) and catalyst, either TiO2 or x-TiO2 (x = Ag, 
Au, Pt, Pd) (0.2 g/L), followed by probe sonication of the suspension to disperse the catalyst. The 
reactions were controlled at 300 K and pH 3 (Using 1M HCl and NaOH to pH adjust). The 
suspension was stirred for 1 hour under nitrogen to allow dark adsorption before UV irradiation. 
Samples of the suspension were collected throughout the treatment to determine both total and 
dissolved Se through unfiltered and filtered samples respectively. The apparatus was exposed to 
UV supplied by UVA fluorescent bulbs (Philips F20T12/BL, ./012 = 365 nm, photon irradiance, 
,- = 1.069 × 10:; photons cm-2 s-1). Photon irradiance was determined using potassium 
ferrioxalate actinometry for each lamp-reactor pair to enable comparison of the data with 
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experimental apparatus variation (Bowman and Demas, 1976; Hatchard and Parker, 1956). 
Variation in fluence was used instead of operating time to make our results comparable with other 
studies. 
6.3.4 O2•¯ / •O2H radical experiments 
Dihydroethidium (DHE) was added to quantitatively detect superoxide radical (O2•¯) 
generated by the TiO2 photocatalytic reduction system in the presence of O2 supplied by ambient 
air. The fluorescence of the product formed from the reaction of DHE and oxidative molecules, 2-
hydoxyethidium,  was measured by a fluorimeter and converted into a molar generation rate using 
a calibration curve for 2-hydroxyethidium generated by reacting known amounts of DHE with 
potassium nitrosodisulfonate (Fremy’s Salt), which has been demonstrated to yield the same 
superoxide-specific oxidation product (Laurindo et al., 2008). 
6.3.5 Analytical methods 
Se concentration was determined in accordance with the U.S. EPA suggested Se 
determination technique (APHA 2009, Method 3114B/C) using hydride generation inductively 
coupled plasma optical emission spectroscopy (HG-ICP-OES, Teledyne Prodigy ICP and Cetac 
HGX-200 advanced membrane hydride generation system, LOD = 1 µg L-1). Both dissolved and 
total Se were determined by HG-ICP-OES following the acid digestion protocol U.S. EPA Method 
3050B. Solid elemental Se was determined by the difference of total and dissolved Se 
concentrations. Gaseous H2Se was calculated from the difference between the initial total Se in the 
water and total Se in the TiO2 suspension after UV exposure. 
6.4 Results and Discussion 
6.4.1 Characterization of the Ag-, Au-, Pt- and Pd-TiO2 
The Ag, Au, Pt and Pd deposited on TiO2 formed metal islands on the surface of TiO2 
ranging from 2-6 nm in diameter on the TiO2. TEM images for each catalyst are presented in Figure 
6-1 and the average size of each noble metal deposit is presented in Table 6-1. Both the BET 
surface area and the hydrodynamic diameter of each particle, presented in Table 6-1, remain 
unchanged after noble metal deposition, confirming that the synthesis procedures did not alter 
reactive surface area or cause mass aggregation of the TiO2. 
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Figure 6-1. TEM micrographs of (a) TiO2 nanoparticles deposited with (b) Au, (c) Pt, (d) Pd, and 
(e) Ag. Noble metal deposits are circled in white in the respective images. 
Table 6-1. Brunauer–Emmett–Teller (BET) surface area, dynamic light scattering (DLS) 
hydrodynamic diameter analysis of noble metal deposited on TiO2, and diameter of noble metal 
deposits. 
 TiO2 Au-TiO2 Ag-TiO2 Pt-TiO2 Pd-TiO2 
BET Surface 
Area (m2 g-1) 56.02 52.31 54.65 55.62 56.26 
Hydrodynamic 




-- 6.0 ± 1.5 2.9 ± 0.3 3.5 ± 0.8 2.5 ± 0.3 
 
The Ag-, Au-, Pt- and Pd-deposited TiO2 were white, purple, grey and brown in colour 
respectively. An image of the four synthesized catalysts beside the unmodified TiO2 is provided 
in Appendix D for comparison (Figure D-2). Of note, the Ag-TiO2 was reddish-brown prior to the 
calcination step and the colour change is a strong indication of oxidation of surface Ag to 
predominantly ionic Ag species (AgO and Ag2O) through calcination in ambient air. Identification 
of AgO or Ag2O through surface characterization by XPS is challenging when the average size of 
the silver nanoparticles (2.9 ± 0.3 nm) is smaller than the inelastic mean free path for Ag of 5.7 
nm at 1486 eV (Tanuma et al., 2011). However, Ag-TiO2 is known to undergo surface oxidation 
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due to its low stability in air (Mogal et al., 2014). Control experiments were conducted to compare 
the Ag-TiO2 before and after calcination in attempt to understand the effect of surface oxidation 
of Ag. Figure D-3b shows the photocatalytic reduction of selenate with Ag-TiO2 pre- and post- 
calcination, showing minimal changes to the kinetics of selenate degradation and that the calcined 
sample performed marginally faster. This oxide coating on Ag may have complex interactions with 
the surface interactions with ions in the water, transfer of electrons through the catalyst surface 
and the tunneling of electrons to Se during the reduction process. The effect of the weight percent 
(wt%) of Ag deposited on TiO2 on selenate reduction was investigated as well. Figure D-3a shows 
the photocatalytic reduction of 5 mg/L (as Se) selenate by 1.0, 0.5 and 0.1 wt% Ag deposited on 
TiO2. The Ag loading on the photocatalyst does not appear to have a strong effect on the reduction 
kinetics of selenate.  
The four noble metals Ag, Au, Pt and Pd were selected based on their varying work 
functions of 4.26 eV (Dweydari and Mee, 1975), 5.1 eV (Eastman, 1970), 5.2 eV (Yu and Spicer, 
1968) and 5.5 eV (Yu and Spicer, 1968), respectively vs. vacuum (or -0.18 eV, 0.66 eV, 0.76 eV 
and 1.06 eV respectively vs. SHE). Figure 6-2 illustrates a schematic comparison of band edge 
positions of Se, TiO2 and these four noble metals (Ag, Au, Pt and Pd) together with the standard 
potentials of relevant redox couples for the reduction reactions of selenate. The reduction of 
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Figure 6-2. Schematic comparison of band edge positions of Se, TiO2 and relevant noble metals 
work functions (Ag, Au, Pt and Pd) together with the standard potentials of relevant redox 
couples 
The photocatalytic reduction of selenate is unique in that an intermediate product of the 
total 8 e- reduction, solid elemental Se (Se0(s)), is a photosensitive semiconducting material itself. 
As Se0(s) is produced, it is photodeposited onto a mixed-phase crystalline combination of rutile and 
anatase TiO2, similar to the photodeposition of the noble metals onto TiO2 and alters the reduction 
potential of the heterogeneous catalyst structure. The TiO2 (P25, Aeroxide) used in this study is 
known to be a mixed-phase crystalline combination of rutile and anatase, with >80% anatase and 
the remainder rutile and amorphous. The further reduction of Se0(s) to H2Se(g) has an energy 
potential more negative (-0.6 V vs. SHE) than the conduction band (CB) of rutile TiO2 (-0.28 V 
vs. SHE) and anatase TiO2 (0.12 V vs. SHE). Thus, the further reduction must occur at the CB of 
solid Se itself (-1.71 V vs. SHE), in a reduction reaction. While comparing the energy potentials 
of valence bands (VB) of Se (0.24 V vs. SHE), rutile TiO2 (2.72 V vs. SHE) and anatase TiO2 (3.32 
V vs. SHE), only anatase and rutile TiO2 are more positive than the standard potential of the 
OH•/H2O redox couple (2.7 V vs. SHE). 
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6.4.2 Selenate reduction on unmodified TiO2 
Experiments were conducted to investigate the photocatalytic reduction of selenate on 
unmodified TiO2, for comparison to the noble metal deposited TiO2 catalysts. During the 
photoreduction of selenate on TiO2, Se goes through a clear two-stage reduction as outlined in 
equations 6.1 and 6.2. Figure 6-3a presents dissolved Se concentration as a function of photon 
fluence remaining in a solution initially containing 5 mg/L (as Se) selenate solution with formic 
acid as an electron hole scavenger. The initial drop of ~ 800 µg/L before UV exposure is attributed 
to adsorption of selenate to the TiO2 surface. The initial reduction of selenate in the first stage 




). After 1.0 × 1019 photons/cm2 of UV exposure, the kinetics of Se 
removal drastically slows, signaling the beginning of the second stage of reduction. The colour of 
the catalyst, shown schematically in Figure 6-3a, changes from its native white (colour of 
unmodified TiO2) to red-orange (colour of solid elemental Se) during the first stage of reduction, 
after which the colour changes back to white. Thus, during the first stage of reduction selenate is 
being reduced to elemental Se onto the surface of TiO2. After near exhaustion of selenate from 
solution, at around 1.0 × 1019 photons/cm2 and an aqueous Se concentration of 100 µg/L, the 
elemental Se on the surface of TiO2 is further reduced to H2Se gas (equation 6.2). Figure 6-3b-e 
present the transmission electron microscope (TEM) micrograph of TiO2 after 1.0 photons × 1019 
cm-2 of UV exposure and elemental analysis done by electron energy loss spectroscopy (EELS) 
images. These images clearly indicate an even distribution of Se on the surface of the unmodified 
TiO2 catalyst. The thickness of elemental Se deposited onto the surface of TiO2 is likely less than 
1 nm, based on the electron energy loss spectroscopy line scans and HR-TEM images of the Se 
deposited TiO2 (Figure D-4).   
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Figure 6-3. (a) Selenate photocatalytic reduction by unmodified TiO2 nanoparticles. Inset graph is 
identical data plotted on a log scale to highlight the two-step reduction reaction. (b) Transmission 
electron microscope (TEM) micrograph of TiO2 after 1.0 photons × 10:Ø cm-2 of UV exposure 
and elemental analysis done by electron energy loss spectroscopy (EELS) images of (c) titanium, 
(d) selenium, and (e) oxygen. 
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A follow-up experiment was completed to determine the rate of both solid elemental Se 
and H2Se gas generation throughout the photocatalytic reduction process. This Se mass balance 
experiment, presented in Figure 6-4, shows the proportion of aqueous selenate, solid elemental Se 
and gaseous hydrogen selenide gas over the span of 2.5 × 1019 photons/cm2 exposure of UV. As 
expected, the proportion of solid elemental Se was confirmed to increase until ~ 1.0 × 1019 
photons/cm2, when the concentration of selenate in the solution reached below 100 µg/L, after 
which it decreased back to zero over the remainder of the reaction. Interestingly, the generation of 
H2Se gas product begins after initial UV exposure and increases much more rapidly after the 
inflection point in the reduction reaction between the first and second stage at ~ 1.0 × 1019 
photons/cm2. The experiment suggests that both reduction of selenate and elemental Se occur 
simultaneously, but that photogenerated electrons reduce primarily selenate during the first half of 
the reaction and elemental Se during the second half of the reaction.  
 
Figure 6-4. Se speciation during photocatalytic reduction with unmodified nTiO2, tracking Se 
species SeO4-2(aq), elemental Se(s), and H2Se(g). 
The reduction of selenate on unmodified TiO2 generates marginal amounts of H2Se during 
the initial stages of UV exposure (0.0-1.3×1019 photons cm-2), then much larger amounts after the 
disappearance of selenate from solution (1.3-2.6×1019 photons cm-2). The proposed explanation 
for this is an energy barrier, known as a p-n junction barrier with a reverse bias, as a result of a p-
type and n-type semiconductor material in contact with different work functions. A reverse bias 
occurs when the n-type semiconductor is connected to a positive terminal or a redox reaction 
pulling electrons away from the junction (Bard et al., 2002). One such flux of electrons away from 
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the p-n junction occurs during the reduction of selenate to Se0, which utilizes photogenerated 
electrons from TiO2. During the first stage of UV exposure, this energy barrier prevents e- 
transferring from the TiO2 conduction band into Se0, so that e- follow a path of less resistance to 
reduce selenate to Se0. When selenate is depleted from the system, and electrons continue to 
accumulate in the conduction band of TiO2, causing an increase in the driving force of electrons 
through the p-n junction. Once the electric field increases beyond some critical value, the p-n 
depletion zone breaks down and electrons begin to flow through non-destructively and reversibly 
(Bard et al., 2002) and a marked increase of H2Se generation is observed. Kikuchi and Sakamoto 
initially proposed a similar electron accumulation model after measuring an increase of potential 
of the suspension toward the end of selenate reduction (Kikuchi and Sakamoto, 2000). 
6.4.3 Selenate reduction on Au-, Ag-, Pt- and Pd- TiO2 
Similar mass balance experiments were conducted using the noble metal-deposited TiO2 
catalysts to understand how the various noble metals and their work functions, affect the final fate 
of photogenerated electrons driven to reduce selenate or elemental Se. 5 mg/L (as Se) selenate 
solutions were reduced by the noble-metal deposited TiO2 catalysts in the presence of 300 mg/L 
formic acid. The Se(aq), H2Se(g) and Se(s) profiles are presented in Figure 6-5a, b and c, respectively, 
for TiO2, Ag-, Au-, Pt- and Pd-TiO2 photocatalytic trials.  
 
 
Figure 6-5. Noble metal (Au, Pt, Pd and Ag) deposited TiO2 catalysts compared to unmodified 
nTiO2 for the (a) removal of aqueous selenate, (b) production of H2Se(g) and (c) production of 
elemental Se(s).  
The removal rates of selenate in Figure 6-5a decrease in order of increasing work function 
with Ag-TiO2 exhibiting most rapid kinetics and Pd-TiO2 the slowest. We postulate that the noble 
metal deposits on the surface of TiO2 are acting as electron sinks for the photogenerated electrons 
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in the CB of TiO2. The higher the work function of the noble metal deposit, the further the 
reduction potential falls when the electrons transfer to the noble metal sink and the more positive 
is the reduction potential of the elctrons. With a more positive reduction potential, the less likely 
the photogenerated electrons are able to reduce the Se6+/Se0 reduction couple (E0 = 0.5 V vs. SHE). 
For instance, Au, Pt and Pd have work functions 0.66 eV, 0.76 eV and 1.06 eV vs. SHE 
respectively, all of which would decrease the rate at which selenate can be reduced by drawing 
electrons away from the reactive CB of rutile TiO2 (-0.28 V vs. SHE). In addition, the noble metal 
provides a conductive pathway for the combination of CB e- from TiO2 and VB h+ from Se, as 
described by the PC-C-PC Z-scheme photocatalyst arrangement. As a result, a competition exists 
for the available photogenerated electrons to reduce selenate to Se0 and Se0 to H2Se.  
 The H2Se gas generation profiles presented in Figure 6-5b follows a similar trend with 
increased H2Se generation by noble metal catalysts with smaller work functions, resulting in more 
negative reduction potentials. All three Au-, Ag- and Pt- TiO2 catalysts generate H2Se gas faster 
than unmodified TiO2. Thus, it is postulated that photogenerated electrons from TiO2 and the 
photogenerated holes from Se are being transferred to the conductive noble metal nanoparticles 
where they combine, thus preserving the electrons with stronger reducibility in the CB of Se. These 
preserved electrons are then able to reduce Se0 to H2Se at a much greater rate. Pd-TiO2 
demonstrated much slower H2Se generation when compared to unmodified TiO2 suggesting that 
it did not act as a PC-C-PC Z-scheme photocatalyst arrangement, but merely an electron sink with 
the potential of the Pd-TiO2 well below the reduction potential of the Se0/H2Se redox pair. In 
addition, it is worth noting that the Ag-TiO2 sample did not perform as well as predicted, given it 
has the lowest work function and thus highest reduction potential. A possible explanation for this 
is its propensity to oxidize to AgO or Ag2O, altering the electronic properties of the photocatalyst 
composite.  
 The solid Se0 generation profiles presented in Figure 6-5c show that Au- and Pt- are the 
least solid-generating catalysts, whereas Ag- and Pd-TiO2 generate a maximum of 30% and 40% 
solid Se, respectively. This agrees with the slow gas generation of Ag-TiO2 when compared to Au- 
or Ag-TiO2, because the solid Se remains on the catalysts for an extended period of UV exposure.  
The selectivity towards solid elemental selenium (Se0(s)) and hydrogen selenide gas 
(H2Se(g)) are defined according to the following equations: 


















                                             (6.4) 
where [X]0 is the initial concentration and [X]t is the concentration at time = t. Note that QE#?&(L)RP 
is the theoretical concentration of E#?&(L) in the reaction chamber for ease of calculation, as a 
representation for the total E#?&(L) generated, when in reality the gaseous product is purged out 
of the chamber with N2 and bubbled through a CuSO4 scrubber for removal. 
 The selectivity of Se reaction products during the photocatalytic reduction over various 
noble metal deposited TiO2 catalysts is presented in Figure 6-6. Ag-, Au- and Pt-TiO2 catalysts all 
have high selectivity for gaseous H2Se gas generation. Of these three catalysts, Au-TiO2 has the 
highest propensity to generate H2Se gas and is the most effective at transferring photogenerated 
electrons to Se for photoexcitation and subsequent reduction to H2Se gas. It has been shown in 
experiments that the addition of 5nm Au nanoparticles onto TiO2 can shift the Fermi level by 40 
mV (Subramanian et al., 2004), leading to a more reductive potential and higher probability to 
inject e- into Se and reduce it to H2Se gas. Pd-TiO2 offers a higher selectivity to solid Se0 generation 
when compared to unmodified TiO2. We postulate that this is due to the fact that Pd does not 
equilibrate charges with the Fermi level of TiO2 and hence remains at the original Fermi level 
determined by the work function of Pd. However, Pd acts as a sink for photogenerated electrons 
in TiO2, essentially reducing their reduction potential for both redox pairs SeO42- / Se0 and Se0 / 
H2Se.  
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Figure 6-6. Selectivity of Se product, solid elemental Se (Se(s)) or gaseous hydrogen selenide 
(H2Se(g)), from photocatalytic reduction of selenate over (a) unmodified TiO2, (b) Ag-TiO2, (c) 
Au-TiO2, (d) Pt-TiO2, and (e) Pd-TiO2 in the presence of formic acid.   
Tan et al. studied the photoreduction of selenate on Ag-TiO2 and proposed an electron 
accumulation model to support their findings, similar to that proposed by Kikuchi and Sakamoto 
(Kikuchi and Sakamoto, 2000; T.T.Y. Tan et al., 2003c). A modified electron transfer theory is 
proposed in light of the experimental results herein. Unlike bulk films of metals, metal 
nanoparticles exhibit a property known as quantized double-layer charging effects (D. Scanlon et 
al., 2015). If such metal particles come in contact with a charged semiconductor nanostructure or 
nanoparticle, then the Fermi level of the semiconductor and metal nanoparticles equilibrate (Peljo 
et al., 2017; Raman Chaudhari et al., 2014; Subramanian et al., 2004; Jakob et al., 2003). Upon 
contact charge equilibration between semiconductor and metal nanoparticles causes the Fermi 
level to shift close to the conduction-band edge of the semiconductor. Many experiments have 
demonstrated this increase of Fermi levels in Ag (Peljo et al., 2017; Raman Chaudhari et al., 2014), 
Au (Jakob et al., 2003; Subramanian et al., 2004), and Pt (D. Scanlon et al., 2015) nanoparticles 
deposited on TiO2, to increase closer to the CB of TiO2. Thus, we postulate that Au, Ag and Pt 
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shift to the Fermi level of TiO2 and inject CB electrons in Se, overcoming the p-n junction reverse 
bias between Se and TiO2. 
To investigate the adjusted Fermi levels of the noble-metal deposited TiO2, the 
photocatalytic reduction of O2 was used as a surrogate redox pair (O2 / •HO2 redox pair -0.015 V 
vs. SHE, see Figure 6-2).  Hydroperoxyl (•HO2) generation experiments were conducted in 
suspensions of the noble-metal deposited TiO2 catalysts in the presence of 300 mg/L formic acid 
and dissolved O2 concentration of 8.7 mg/L. DHE (5×10-5 M) was used to quantitatively detect 
superoxide (O2•¯) or hydroperoxyl radicals (•HO2) at pH lower than 4.88, the pKa of superoxide. 
Figure 6-7 shows the generation rates of hydroperoxyl under the described conditions.  
 
Figure 6-7. Photocatalytic hydroperoxyl (•O2H) radical generation in the presence of oxygen by 
reduction on TiO2, Au-, Pt-, Pd- and Ag-TiO2. 
Au- and Ag-TiO2 generate hydroperoxyl slightly faster than unmodified TiO2. This 
suggests that the Fermi levels for these two catalysts after equilibrium are slightly more negative 
than the potential of the O2 / •HO2 redox pair (EF < -0.015V). Pt- and Pd-TiO2 suppress 
hydroperoxyl generation, suggesting a more positive Fermi level. Presumably, the Fermi 
equilibrium of Pt-TiO2 is more positive than the O2 / •HO2 redox pair (-0.015 V vs. SHE) but more 
negative than the VB of Se (0.24 V vs. SHE), thus explaining why Pt-TiO2 acts similarly to Au-
TiO2 and Ag-TiO2 during the reduction of selenate and acts similarly to Pd-TiO2 during the 
reduction of O2. 
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Figure 6-8 illustrates this mechanism schematically, where Figure 6-8a presents the charge 
carrier separation in Se-noble metal-TiO2 direct Z-scheme photocatalyst under dark conditions and 
Figure 6-8b shows the Fermi level increases upon exposure to UV and subsequent charge 
equilibration between TiO2 and Au, Ag, and Pt deposits. Since the work function of Pd is too low 
for equilibration with the Fermi level of TiO2, the Fermi level within the Pd nanoparticles remain 
much lower than the VB of Se.   
 
Figure 6-8. Schematic illustration of the mechanism for charge carrier separation in Se-noble 
metal-TiO2 direct Z-scheme photocatalyst under (a) dark and (b) UV light conditions after 
charge equilibration between TiO2 and noble metal deposits. 
As seen in Figure 6-8b, comparing the energy potentials of the CB of Se (-1.71 V vs. SHE) 
and TiO2 (-0.28 V vs. SHE), only Se is more negative than the standard potential of the Se0/Se2- 
redox couple (-0.6 V vs. SHE), while comparing the energy potentials of the VB of Se (0.24 V vs. 
SHE) and TiO2 (3.32 V vs. SHE), only TiO2 is more positive than the standard potential of the 
OH•/H2O redox couple (2.7 V vs. SHE). In this regard, the reduction of Se0 to H2Se is likely 
occurring at the CB of Se while the oxidation of the electron hole scavenger, formic acid, would 
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6.5 Conclusions 
Noble metal deposited (Ag, Au, Pt and Pd)-TiO2 catalysts were synthesized and used in a 
photocatalytic system to reduce selenate in solution with the use of formic acid as an electron hole 
scavenger. The Se-NM-TiO2 photocatalytic system is a PC-C-PC direct Z-scheme heterogeneous 
photocatalyst arrangement which allows for spatial separation of photogenerated charge carriers 
and preserves the strong reducibility of CB electrons in Se and the strong oxidizability of VB holes 
of TiO2 to react with selenate and formate, respectively. Selectivity of the final Se products (Se0 
vs. H2Se) is tunable based on the varying work functions of the noble metals which can behave as 
photogenerated electron conductors or sinks and so enables generation of either gaseous H2Se or 
solid Se final products from the photoreduction of selenate. Au-, Ag- and Pt-TiO2 catalysts 
experience a shift in the metal Fermi levels towards the conduction band edge of the 
semiconductor, facilitating the transport of photogenerated electrons through the noble metal 
deposit from TiO2 to Se and driving an increase in H2Se generation. Pd-TiO2 catalysts inhibit H2Se 
generation due to the high work function of Pd which does not allow for charge equilibration with 
the TiO2 Fermi level. Thus, Pd acts as a sink for electrons from the TiO2 CB, diverting the flow of 
electrons into Se0 and restricting the generation of H2Se.
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7 Conclusions and Perspectives 
7.1 Synthesis of major findings 
In Chapter 1, the potential of using nanomaterials for selenate removal from water was 
presented, highlighting the various gaps in conventional Se removal techniques that nanomaterials 
can address.  Several classes of nanomaterials such as nanoscale adsorbents, catalysts and 
reactants, show promise for the removal of Se in a wide range of oxidation states. A summary of 
current Se removal technologies and the gaps in current technologies was presented with the focus 
on emerging nanomaterials capable of removing Se oxyanions from wastewater to ultra-low µg/L 
limits, namely photocatalysts. These Se removal approaches involve the modification of different 
nanomaterials in order to achieve high surface adsorbing activity, high reactivity, selectivity and 
sustainable treatment capability of removing selenium oxyanions. 
Chapter 2 & 3 were concerned with photocatalytic selenate reduction in real-world 
industrial wastewaters, such as flue gas desulphurization wastewater (FGDW) and mine-impacted 
water (MIW). The potential of photocatalysis on TiO2 was demonstrated and the simultaneous 
generation of elemental selenium (Se0) and hydrogen selenide (H2Se) through two consecutive 
first-order reductions was reported under a direct Z-scheme photocatalyst arrangement between 
photodeposited Se and TiO2. Selenate was reduced to a concentration of < 1 µg/L as Se in both 
MIW and FGDW in situations where the concentrations of many competing co-existing ions were 
more than 2,500 times that of selenate. The kinetics of reduction was thoroughly investigated. The 
following key reactor parameters were identified to optimize the rate of reduction of selenate:  low 
pH (< pH 5), high temperature (between 20-60 °C), low sulfate concentration, use of formic acid 
as electron donor, TiO2 catalyst dose of 0.5 g/L and low dissolved oxygen concentration (< 3 
mg/L).  
MIW can contain varying concentrations of dissolved species such as sulfate, carbonate, 
nitrate, selenate, organic matter and many dissolved metals. Due to the reduction potentials of 
selenate and nitrate, bacteria will favor nitrate over selenate during conventional Se biological 
reduction process, leading to difficulties in removing Se. The development of a treatment process 
capable of removing selenate prior to the biological denitrification process is desired due to the 
numerous advantages a two-stage treatment would provide. Selective photocatalytic reduction of 
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selenate from >500 µg/L to < 1 µg/L was shown to be possible in the presence of the more 
energetically favourable nitrate electron acceptor (~250x molar concentration of selenate) and at 
high concentrations of sulfate (~2,000x molar concentration of selenate) given optimal reactor 
conditions and operating parameters. Selective photocatalysis is highly desired in complex water 
sources that contain a variety of dissolved species in addition to the target species for efficient use 
of the UV energy supplied to the reactor.  
In Chapter 4, the selectivity of the reduction process achieved through photocatalytic 
treatment of selenate was examined and the electron transfer mechanism responsible for such 
selective selenate reduction was elucidated. Sulfate primarily affects the initial adsorption of 
selenate, inhibiting the reduction of selenate to Se0 by TiO2 conduction band electrons, whereas 
nitrate affects the further reduction of Se0 to H2Se by scavenging of carbon dioxide radicals (CO#•	%) 
and Se conduction band electrons. The competitive adsorption and reduction of selenate on TiO2 
in the presence of sulfate, chloride, carbonate and nitrate were thoroughly investigated, using 
formic acid as an electron hole scavenger.  
In Chapter 5, the photocatalytic treatment capabilities were expanded to higher TDS 
synthetic mine-impacted brines (SMIB) and the tunability of the final Se reduction product (Se0(s) 
vs. H2Se(g)) was demonstrated. This is a crucial factor in designing a recoverable Se stream from 
the water treatment process. This photocatalytic reduction can effectively remove Se from SMIB 
to < 2 µg/L from an initial Se concentration of > 3,300 µg/L. An increase in solution temperature 
led to a marked enhancement in selenate removal kinetics and an increase in selectivity towards 
H2Se(g), while increasing the concentration of formic acid led to an increase in selenate removal 
kinetics and an increase in the selectivity towards Se0(s). A bivariate response surface analysis was 
used to elucidate the mechanism behind the production of >99% gaseous H2Se or >85% solid Se0 
under a range of reaction conditions. Finally, a two-pronged electron transfer model was proposed 
to explain the selectivity towards Se0(s) vs. H2Se(g): (i) Se0(s) is produced through direct reduction 
of selenate by TiO2 conduction band electrons and (ii) H2Se gas is produced by electrons 
transferred to Se0 and reduction of Se0 to H2Se or through a direct reduction by CO#•	%. Finally, the 
tunable nature of selenate reduction allows for control of the final Se reduction product and 
suggests the possibility of producing recoverable Se by-products from photocatalytic treatment 
processes. 
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Finally, in Chapter 6, the tunability of Se reduction products was also shown to be 
controllable through a materials engineering approach. Heterogenous nanoscale photocatalysts 
were synthesized by depositing noble metal nanoparticles (Au, Ag, Pt and Pd) onto TiO2, which 
demonstrated work-function dependent bimodal selectivity of final products during the 
photocatalytic reduction of selenate to Se0 or H2Se. The Se-noble metal-TiO2 (Se-NM-TiO2) 
photocatalytic system is structured in a direct Z-scheme arrangement, when Au, Ag or Pt are used, 
allowing for high selectivity towards H2Se. In contrast, Pd acted as an electron sink which 
decreased the reducibility of the photogenerated electrons, ultimately causing a higher selectivity 
towards Se0. Au-TiO2 offers the highest H2Se selectivity of all catalysts tested, while Pd-TiO2 
(highest work function) offers the highest selectivity for solid Se0.  
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7.2 Research perspectives 
7.2.1 Future Se analytical approaches and suggested modifications 
Analytical work involving Se has proven to be a very challenging task. In addition to the 
identification of Se species in aqueous samples, measurement of Se species in solid and gaseous 
phase presents its own array of unique analytical challenges. Commonly, digestion and sample 
preparation protocols must be followed in order to dissolve solid or gaseous Se in order to analyse 
with well-established ICP or IC analytical techniques.  However, during the digestion or extraction 
phase the state of Se is altered from its original form and some Se may be lost during the sample 
processing. The very fact that Se is a redox-sensitive element allows treatment techniques to 
remove it from the water source by reducing its oxidation state. However, this sensitivity adds to 
the challenges of Se analysis when Se can exist in all three states of matter. The following are two 
new analytical approaches that should be considered when better trying to understand the process: 
1. Thoroughly identify and characterize the immobilized Se reduction product. To date, this 
has been determined indirectly by the difference between total Se concentration 
(unfiltered and acid digested) and dissolved Se concentration (filtered and acid digested) 
which enables an indirect measurement of the amount of Se that is on the catalyst at the 
time of sampling. This has been assumed to be solid elemental Se (Se0) deposited on the 
catalyst as a result of visual observations (the catalyst turns a bright orange colour as a 
result of element Se deposition) and reports from the literature. Many researchers 
performing photocatalytic reduction of selenate over TiO2 have identified this as solid 
elemental Se as well (Kikuchi and Sakamoto, 2000; Nguyen et al., 2005a; Tan et al., 2002; 
T.T.Y. Tan et al., 2003a). Se K-edge X-ray absorption near edge structure (XANES) 
spectra can characterize valence states of immobilized Se throughout the treatment. In 
order to properly directly identify the immobilized Se on the surface of the catalyst to 
confirm the presence of Se0, XANES should be completed to differentiate deposited Se0 
and Se(-II) as well as adsorbed Se(IV) and Se(VI) species (Shan et al., 2018). 
2. Thoroughly identify and characterize the gaseous Se reduction product. To date, gaseous 
Se was determined by the difference of total Se concentration in the initial water sample 
and the total Se concentration after treatment. Again, this is an indirect measurement of 
Se lost through the gaseous phase during the reaction. The reactor is purged with N2 gas 
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to remove any volatile species during the reaction and the exiting gas is bubbled through 
a series of chemical scrubbers designed to react with the gaseous Se reduction products. 
The gaseous Se has been assumed to be H2Se as a result of (1) the recovery of CuSe from 
the CuSO4 scrubber and (2) from thermodynamic reduction potentials of Se (Kikuchi and 
Sakamoto, 2000). The formation of CuSe in the CuSO4 scrubber is more evident when 
simple DI systems are treated, but less clear in industrially sourced wastewater. The reason 
for this deviation could be due to other gaseous species being generated in the complex 
wastewater that is inhibiting the precipitation reaction between Se(-II) and Cu(II). The 
direct analysis of gas phase Se species should be done through the use of a cold trap prior 
to a full speciation of Se by anion exchange chromatography with inductively coupled 
plasma dynamic reaction cell mass spectrometry (AEC-ICP-DRC-MS) and electrospray 
tandem mass spectroscopy (ES-MS/MS) (LeBlanc et al., 2016; LeBlanc and 
Wallschläger, 2016). 
7.2.2 Future catalyst design perspectives 
In Chapters 2 through 5, the great potential for effective selenate removal through 
photocatalytic reduction with a common photocatalyst (Degussa P25 TiO2) was highlighted. 
nanoparticles. In Chapter 6 & 7, some examples of engineered materials which can optimize the 
selenate photocatalytic processes were examined either to tune the selectivity of the Se reduction 
by-product or to enhance the recyclability of the catalyst. These are only a few modification and 
material design solutions towards engineering a better photocatalytic material. Numerous 
approaches exist to enhance photocatalytic activity by improving adsorption and reduction kinetics 
from a materials design approach. The following are promising material design approaches that 
should be investigated towards designing a better selenate reducing photocatalyst: 
1. Designing a composite nanomaterial structured material capable of enhancing adsorption 
of selenate and increasing the concentration of selenate in the active area around the 
photocatalyst with graphene. The Langmuir-Hinshelwood analysis in Chapter 2 revealed 
that adsorption of selenate onto the TiO2 surface may be rate limiting. Graphene support 
structures, containing immobilized TiO2 have been shown to increase adsorption 
properties and electron conduction and hence increase e-- h+ separation (Chen et al., 2018; 
Hafeez et al., 2018; Trapalis et al., 2016; Fu et al., 2014). Reduced graphene oxide (rGO) 
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is commonly used as the graphene source for photocatalytic materials. The main challenge 
with rGO is its hydrophobic nature leading to instability and a tendency for aggregation 
of the composite material. Strategies to improve the stability and dispersibility of a rGO-
TiO2 have been developed (Bhanvase et al., 2017; Zhang et al., 2017) and should be 
attempted to improve selenate adsorption and reduction.  
2. Designing a composite nanomaterial material which incorporates Al-substituted 
ferrihydrite or basaluminite could enhance adsorption of selenate and increase the 
concentration of selenate in the active area of the photocatalyst as well. Al-substituted 
ferrihydrite has been shown to increase the number of inner-sphere complexes between 
selenate (Carrero et al., 2017; Johnston and Chrysochoou, 2016). Many layered double 
hydroxides (LDHs) have shown similar affinity for selenate inner-sphere adsorption and 
may allow for an increased adsorption capacity of the designed composite material 
(Constantino et al., 2017; Hu et al., 2017).  
3. Catalyst modifications towards more effective selenate reduction through mediating 
photogenerated electron and electron hole mobility. Internal hole scavenging capabilities 
through catalyst modifications can improve the reduction potential of the catalyst without 
the need for an externally added hole scavenger (Du et al., 2007). This would allow for 
effective selenate reduction in the absence of an electron hole scavenger such as formic 
acid. Chen et al. carried out thermal hydrolysis of TiCl4 in the presence of diethylene 
glycol (DEG) that resulted in an internal hole-scavenging effect in the catalyst which 
exhibited superior reduction of Cr(VI) (G. Chen et al., 2017).  
4. Hydroxyl-modified TiO2 has been shown to increase the zeta potential during acid-neutral 
treatment conditions and allow for faster photocatalytic reduction kinetics at higher pH 
(Li et al., 2017). This may allow for faster kinetics at near neutral treatment conditions. 
7.2.3 Developing the next generation real-time Se sensing platform 
Quick and accurate detection of Se in environmental samples is greatly desired. Currently, 
the amount of Se in water samples is determined by detection and quantification either through 
inductively coupled plasma (ICP), atomic absorption spectroscopy or atomic fluorescence 
spectroscopy. These methods are powerful and able to detect selenium at low ppb or even ppt 
concentrations, but the main disadvantages of these techniques include: high cost of operation, 
long analysis time, extensive sample preparation and requirement for advanced operator personnel. 
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Few existing techniques have been able to offer an on-site analysis of Se content in environmental 
samples. Real-time Se concentration information would be extremely valuable to water treatment 
system operators to adjust and optimize treatment conditions due to fluctuating influent conditions. 
The following is a promising Se sensing approach that should be evaluated further: 
1. Gold nanoparticle (Au-NPs) based colourimetric assays are promising due to a unique 
phenomenon known as surface plasmon resonance (SPR). Since the colour change is 
sensitive to the shape, size and aggregation state of the Au-NPs, molecular events can be 
detected through a simple colour change visible to the naked eye. Cao et al. demonstrated 
that combining a hydride generating apparatus (using NaBH4 as the reducing agent) with 
a solution of AuNPs allowed for the detection of Se(IV) with a method detection limit 
(MDL) of 3.9 µg/L Se (Cao et al., 2017). The H2Se generated in the hydride generation 
module reacted with the AuNPs and induced aggregation, which led to a colour change of 
the sensor to detect Se in water samples. One main disadvantage of this technique is its 
inability to detect Se(VI), the more prevalent Se species in industrial wastewaters. Thus, 
the hydride generation module could be replaced by a photocatalytic system in order to 
generate H2Se, allowing for Se(VI) detection as well. Modifications of the Au-NP 
detection system could improve sensitivity of the treatment system. Cao et al. used pre-
synthesized Au-NPs which would aggregate and cause a colour change for Se detection. 
The in-situ growth of Au-NPs near H2Se seed sites may also provide a greater detection 
range.  
7.2.4 Path forward to full-scale industrial application 
Industrial wastewater and impacted water treatment are challenging due to the diverse 
range of dissolved species, some of which need distinct treatment approaches to remove. The 
incorporation of a photocatalytic reactor into an integrated flow sheet to conduct a number of 
process operations is required to take an influent industrial water to a treated effluent sufficient for 
discharge to the environment. For example, during FGDW treatment the raw water must go 
through a physical-chemical solids removal pre-treatment process including lime addition, settling, 
pH adjustment, organo-sulfide addition, ferric chloride addition, flocculant polymer addition, 
settling and sand filtration, prior to the photocatalytic treatment system. This is followed by a 
temperature and pH adjustment, dissolved oxygen removal, catalyst and electron donor addition 
before entering the photocatalytic reactor. After the photocatalytic reactor, the product gas must 
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be handled by a stripping and scrubbing column, a solid-liquid separation unit for catalyst recovery 
and heat recovery. The flowsheet development for this integrated treatment system will allow for 
an initial economic analysis of total treatment costs associated with a full-scale photocatalytic 
selenate reduction treatment plant. This information is crucial in designing and planning a scaling-
up process. The following are recommended next steps towards developing a pilot scale reactor 
capable of treating industrially relevant volumes: 
1. Integration of Se photocatalytic removal with biological nitrate reduction is desired. In 
Chapter 3 & 4, photocatalytic reduction was shown to have the unique ability to 
selectively remove selenate in the presence of common anions such as sulfate, bicarbonate 
and nitrate. This unique ability allows for the removal of selenate prior to the 
denitrification process. Numerous advantages to removing Se prior to biological nitrate 
removal exist: (1) elimination of Se contamination in the bioreactor sludge; (2) biological 
step can be designed for denitrification only; (3) generation of a recoverable, concentrated 
Se-containing residual; and (4) compatible electron donors can be used for both 
photocatalytic and biological processes. Investigation is needed to confirm the biological 
nitrate reduction process can accept the effluent from the photocatalytic reactor. Excess 
electron hole scavengers such as formic acid, remains in the wastewater and can be used 
for electron donation in the biological process, given the proper acclimation period for the 
microbes (Bill et al., 2009; Doudrick et al., 2012; Li et al., 2015; Nishimura et al., 1980; 
R. H. Gerber, 1986; Strong et al., 2011; T.T.Y. Tan et al., 2003a). Experimental 
investigation of the use of formic acid as an electron donor for biological nitrate reduction 
should be done to confirm this hypothesis. 
2. Transition from batch treatment to continuous flow condition is desired to allow for scale-
up. While this thesis has focused on batch treatments on a laboratory scale, the transition 
to a larger-scale continuous flow reactor is necessary to allow for industrially relevant 
flowrates (1000’s of m3/day). Reactor geometry, arrangement of lamp array, power of UV 
lamps, internal mixing conditions, UV transmission of treatment suspension all play 
complex inter-related roles in the successful treatment of selenate in a photocatalytic 
reactor. Ideally, the reactor will be designed for plug flow conditions to achieve optimal 
first-order kinetics and multiple orders of magnitude of Se reduction under continuous 
treatment conditions. The performance of large-scale continuous UV reactors can be 
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modelled using computational fluid dynamics (CFD), which has been proven in many reactor 
design applications to predict the performance of a reactor at scales beyond those practical to 
test, provided appropriate relations and kinetic data can be determined at the bench scale. Most 
importantly, the relationship between UV exposure surface area and treatment volume (SA/V) 
and the relationship between UV energy input and treatment volume (E/V) which can be tested 
in a modelling environment to understand more about how these critical metrics effect Se 
removal. 
3. Se recovery from the generation of a Se reduction product is desired. The two modes of 
selenate reduction result in either solid Se0 deposited on the catalyst or gaseous H2Se 
generated. The different avenues of recovery of the Se depending on its form have their 
own advantages and disadvantages. Firstly, deposition of Se0 onto TiO2 catalyst leaves Se 
in the most inert and safe state, although the Se0 has to be removed from the catalyst 
surface. Methods for thermal, chemical, photochemical and physical removal from the 
catalyst should be investigated to produce the most useful form of Se by-product to offset 
treatment costs and make Se (a valuable rare element) available for reuse. Potential 
industries interested in the reuse of Se could range from dietary supplements and fertilizers 
to electronics, photovoltaics and imaging (Yarlagadda V. Nancharaiah and Lens, 2015). 
Secondly, the production of gaseous H2Se would enable an easily recyclable catalyst, free 
of catalyst and directly recyclable for subsequent treatment cycles. However, the 
production of H2Se gas, a toxic gaseous substance, would have to be evaluated with a 
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Appendix A – Supplementary Information for Chapter 2 
A1. FGDW Characterization 
Table A-1. Water quality characteristics of FGDW from a coal-fired power plant in the 
southeastern United States. The FGDW was sampled after coagulation and flocculation physico-
chemical pre-treatment. 
Physical Tests (Water) 

















    
Turbidity	 0.10	 NTU	 1.94	
    
Anions and Nutrients (Water) 












    
Bromide	(Br)	 1.0	 mg/L	 44.1	
    
Chloride	(Cl)	 5.0	 mg/L	 1070	
    
Fluoride	(F)	 0.20	 mg/L	 6.99	
    
Nitrate	(as	N)	 0.20	 mg/L	 3.48	
    
Nitrite	(as	N)	 0.10	 mg/L	 0.16	
    
Sulfate	(SO4)	 3.0	 mg/L	 1670	
    
Organic / Inorganic Carbon (Water) 











    






























0.020	 mg/L	 0.078	 Barium	(Ba)-
Dissolved	
0.010	 mg/L	 0.078	

















































5.0	 mg/L	 <5.0	 Iron	(Fe)-	Dissolved	 1.0	 mg/L	 <1.0	
Lead	(Pb)-
Total	






































































50	 mg/L	 552	 Sulfur	(S)-Dissolved	 50	 mg/L	 558	
Tellurium	
(Te)-Total	
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A2. Effect of Coagulation-Flocculation pretreatment of FGDW on selenate photoreduction  
 
The effect of CF pretreatment on the rate of PC Se removal was investigated in FGDW 
samples. The CF pretreatment of the FGDW was responsible for removing 27% of total Se in the 
FGDW. More specifically, this removed both solid elemental selenium and SeO32- adsorbed onto 
solids from the FGDW. The majority of the remaining soluble selenium is fully oxidized SeO42-, 
which is consistent with literature (Hu et al., 2015). CF pretreatment employs a cationic metal as 
a coagulant agent which promotes water hydrolysis and formation of hydroxide compounds 
available for adsorption of metals and other contaminants. Coagulation effectiveness relies 
heavily on the interaction of colloidal materials through charge neutralization or adsorption 
(Rodrigues et al., 2008). In this case, due to very low adsorptive capacity of SeO42-onto 
hydroxide materials, SeO42- is not effectively removed through CF pretreatment. 
 
Removing suspended solids with a glass microfiber filter proved as effective as CF 
pretreatment prior to PC reduction shown in Figure A-1. The main factor for PC reduction in 
these experiments is the UV transmittance through the FGDW sample. Any SeO32- remaining in 
the non-CF treated samples is reduced, at a faster rate than SeO42- in the CF pretreated FGDW, 
allowing for improved reaction kinetics of total Se removal. Apparent first-order kinetics were 
observed for each sample, with pseudo-first-order rate constants of 0.493 ± 0.081 hr-1 and 0.465 
± 0.069 hr-1 measured for filtered FGDW CF treated and non-CF treated, respectively. Removal 
of suspended solids contributing to high turbidity and inorganic co-contaminants competing for 
adsorption sites on the photocatalyst proves a crucial pre-treatment step for PC Se removal 
techniques. In high flowrate industrial wastewater treatment systems, CF is an indispensable 
solids removal method (Rossini et al., 1999). Throughout the manuscript FGDW simply refers to 
filtered, CF pretreated FGDW. 
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Figure A-1. Effect of coagulation-flocculation (CF) physico-chemical solids removal 
pretreatment of FGDW prior to PC treatment.  
  
  Appendix A 
 180 
A3. Photocatalytic experimental set-up 
 
Figure A-2. (a) Photograph and (b) schematic image of the batch photocatalytic reaction set-up 
for the reduction of selenium oxyanions in synthetic and real industrial FGDW. 
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A4. Reaction Modelling 
The following are the photocatalytic reduction reactions governing the chemical and physical 
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(F#&%2OP − F:&%2VP)N                    (A-9) 
Using the least squares curve fitting method, the equations were fit to the data to obtain the 
reaction rate constants, F: = 0.657	]^#/10#H	`ℎabacd and F# = 1.397	]^#/10#H	`ℎabacd.  
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Figure A-3. Dissolved selenium speciation during photocatalytic reduction of selenate in FGDW.  
 
Figure A-4. Eyring plot ln(k/T) vs (1/T) for the determination of enthalpy and entropy of 
activation of the photodegradation of Se in FGDW.  
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Figure A-5. Photocatalytic removal of Se from FGDW using methanol as the electron hole 
scavenger under varying temperatures.  
 
Figure A-6. Photocatalytic removal of nitrates under varying temperatures.  
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 A5. Response Surface 1 
Table A-2. Central composite design, experimental results, fitted values and residuals for the response surface study with 3 center 2 


















Residual, )(  *% *+ *%+ *++ *%*+ 
1 -1 -1 1 1 1 0.087365 0.093109 -0.00574 -0.0240 
2 1 -1 1 1 -1 2.289132 1.740735 0.548397 2.2914 
3 -1 1 1 1 -1 0.26364 -0.02878 0.292416 1.2218 
4 1 1 1 1 1 6.007533 5.160976 0.846557 3.5373 
5 -1 0 1 0 0 0.229997 0.235057 -0.00506 -0.0211 
6 1.414 0 2 0 0 3.58234 4.389736 -0.8074 -3.3737 
7 0 -1.414 0 2 0 0.134769 0.344435 -0.20967 -0.8761 
8 0 1.414 0 2 0 2.044981 2.676373 -0.63139 -2.6382 
9 0 0 0 0 0 1.766261 1.916061 -0.1498 -0.6259 
10 0 0 0 0 0 1.718099 1.916061 -0.19796 -0.8272 
11 0 0 0 0 0 1.932257 1.916061 0.016197 0.0677 
12 0 0 0 0 0 2.247626 1.916061 0.331565 1.3854 
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Table A-3. Analysis of variance for the response surface study (Type III partial sum of squares). 










Regression 29.618 5 5.924 14.997 0.002 
!" 20.574 1 20.574 52.089 0.000 
!# 5.478 1 5.478 13.870 0.010 
!"# 0.070 1 0.070 0.176 0.689 
!## 0.347 1 0.347 0.879 0.385 
!"!# 3.176 1 3.176 8.042 0.030 
Residual 2.370 6 0.395   
    Lack of Fit 2.198 4 0.550 1.391 0.140 
    Pure Error 0.172 2 0.086   
Total 31.895 11 2.900   
Coefficients of multiple determination:  $# = 0.9286, $,-.# = 0.9215  
 
 
Figure A-7. (a) Half-normal probability plot of residuals, (b) residual plot and (c) predicted vs 
actual apparent first-order rate constants for the response surface regression. 
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A6. Radical Experiments 
Radical experiments were conducted in order to elucidate the mechanistic pathway of 
degradation in the presence of oxygen during the photocatalytic reaction. Dihydroethidium 
(DHE) at a concentration of 5×10-5 M was used to quantitatively detect superoxide radical (O2•¯) 
generated by the TiO2 photoreduction system. Unless otherwise stated, a 0.08 M DHE stock 
solution in DMSO was used and stored in the dark at –20°C for at most 2 days.  Superoxide 
concentrations were indirectly determined by monitoring the increase in fluorescence intensity at 
580 nm (ex. 480 nm), attributed to the formation of the superoxide-specific product 2-
hydroxyethidium, at set time intervals (Chen et al., 2013; Fink et al., 2004; Peshavariya et al., 
2007; Zhao et al., 2003). When superoxide dismutase (SOD) was used, it was added prior to the 
dark adsorption period and the aforementioned DHE procedure was conducted without further 
modifications. Fluorescence spectra were recorded on a Photon Technology International QM-
4SE fluorimeter and were smoothed using Origin Pro by removing Fourier components with 
frequencies higher than a particular cut-off frequency prior to integration of the area under the 
emission peak. A calibration curve for 2-hydroxyethidium was generated by reacting known 
amounts of DHE with potassium nitrosodisulfonate (Fremy’s Salt), which has been demonstrated 
to yield the same superoxide-specific oxidation product (Laurindo et al., 2008; Zielonka et al., 
2005). The previously mentioned procedure for photoreduction experiments was adapted for this 
probe molecule, with DHE replacing selenium. Contrary to previous investigations where DHE 
was added immediately after stoping illumination (Thabet et al., 2014), it was necessary to have 
DHE present during illumination because the half-life of superoxide and disproportionation of 
hydroperoxyl are significantly lower at low pH compared to alkaline conditions (Hayyan et al., 
2016). 
In order to investigate the role of H2O2 in the system, a spectrophotometric method was 
employed based on the reduction of Cu(II) by H2O2 in the presence of excess 2,9-dimethyl-1,10-
phenanthroline (DMP) (Baga et al., 1988; Kosaka et al., 1998; Zeng et al., 2017). At set time 
intervals, samples were taken from the solution volume, filtered with a 0.2 μM pore size, and 1 
mL of the supernatant was added to 250 μL of Cu/DMP reagent (a 50/50 v/v solution of 0.01 M 
CuSO4 and 10 g·L-1 DMP). Hydrogen peroxide concentrations were determined by monitoring 
the peak absorbance at 454 nm of the resulting Cu(DMP)2+ complex (Baga et al., 1988), with the 
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limit of detection of approximately 2 μM. UV-Vis measurements were conducted in a BioTek 
Epoch spectrophotometer and the spectra were imported into Excel and used without further 
processing. It is important to note that reacted samples were stored in the dark for 24 h prior to 
analysis, because at pH values below 4, the absorbance increased for approximately 1 day to the 
quantitative value, as reported previously (Baga et al., 1988). 
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Appendix B – Supplementary Information for Chapter 3 
 
Figure B-1. pH effects of MIW photocatalytic selenate reduction kinetics under varying initial 
pH conditions - pH was not controlled during these experiments. 
 
Figure B-2. pH increases throughout MIW photocatalytic reduction over TiO2 treatment with the 
use of formic acid. 
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Figure B-3. Effect of temperature on photocatalytic reduction of selenate for the removal of 
dissolved Se from MIW. 
 
Figure B-4. Effects of temperature on the selectivity of solid element Se vs gaseous H2Se during 
the photocatalytic reduction of selenate over TiO2 in MIW. 
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Figure B-5. Dissolved oxygen (DO) content of MIW during N2 purge of varying times. 
 
Figure B-6. Selenate reduction in MIW while using formic acid or glycerol as electron hole 
scavengers and either 100 or 300 mg L-1. 
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Figure B-8. Comparison of lab grade glycerol from Sigma-Aldrich, glycerol from a common 
electron donor for denitrification, MicroC4200, and formic acid used as electron hole scavengers 
during the photocatalytic reduction of selenate in MIW. 
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Figure B-9. Comparison of Se speciation while using lab grade formic acid from Sigma-Aldrich 
vs. industrial grade formic acid sourced from Quadra Chemicals used as electron hole scavengers 
during the photocatalytic reduction of selenate in MIW. 
 
  Appendix C 
 193 
Appendix C – Supplementary Information for Chapter 5 
Table C-1. Treatability results from SMIB A, B and C including the apparent first-order reaction 
rate constant and the average selectivity to Se0(s) for the photocatalytic reduction of selenate in 




















kapp,1	 cm2/1020	photons	 1.299	±	0.043	 1.206	±	0.046	 2.139	±	0.066	
Average	selectivity	to	Se0(s)	 -	 0.468	 0.311	 0.328	
Physical	Tests	(Water)		 	 	 	 	 	 	 	
Total	Dissolved	Solids	 mg/L	 6250	 5700	 5900	 5730	 5810	 5670	
Hardness	(as	CaCO3)	 mg/L	 2120	 2130	 2030	 2020	 1930	 1920	
pH	 pH	 8.16	 4.89	 7.81	 5.2	 7.54	 4.94	
ORP	 mV	 390	 291	 377	 332	 387	 242	
Anions	and	Nutrients	(Water)		
Alkalinity,	Total	(as	CaCO3)	 mg/L	 200	 22.1	 34	 28.9	 19.7	 18.8	
Ammonia	(as	N)	 mg/L	 0.0429	 1.36	 0.0265	 1.41	 0.0246	 2.38	
Nitrate	(as	N)	 mg/L	 556	 528	 546	 528	 535	 510	
Nitrite	(as	N)	 mg/L	 <0.0050	 0.142	 <0.0050	 0.154	 <0.0050	 0.157	
Chloride	(Cl)	 mg/L	 58.8	 135	 58.7	 126	 799	 846	
Sulfate	(SO4)	 mg/L	 1720	 1680	 1700	 1680	 723	 690	
Organic	/	Inorganic	Carbon	(Water)	
Total	Inorganic	Carbon	 mg/L	 39.3	 <0.50	 3.64	 <0.50	 2.4	 <0.50	
Total	Organic	Carbon	 mg/L	 1.92	 67.8	 1.8	 68	 1.35	 64.5	
Total	Metals	(Water)	 		 		 	 		 		 		 		
Calcium	(Ca)-Total	 mg/L	 485	 480	 454	 459	 418	 410	
Magnesium	(Mg)-Total	 mg/L	 235	 226	 221	 215	 230	 218	
Selenium	(Se)-Total	 ug/L	 3280	 165	 3350	 191	 2720	 32	
Sodium	(Na)-Total	 mg/L	 826	 863	 859	 971	 865	 947	
Titanium	(Ti)-Total	 mg/L	 <0.010	 <0.010	 <0.010	 <0.010	 <0.010	 <0.010	
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Figure C-1. Relative Se speciation during photocatalytic reduction of selenate in SMIB A under 
37°C, 300 mg/L formic acid, 0.5 g/L TiO2, pH 4.5 reaction conditions. 
 
 
Figure C-2. Relative Se speciation during photocatalytic reduction of selenate in SMIB B under 
37°C, 300 mg/L formic acid, 0.5 g/L TiO2, pH 4.5 reaction conditions. 
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Figure C-3. Relative Se speciation during photocatalytic reduction of selenate in SMIB C under 
37°C, 300 mg/L formic acid, 0.5 g/L TiO2, pH 4.5 reaction conditions. 
 
Figure C-4. Selenate removal curves through the photocatalytic reduction of selenate in SMIB at 
varying reaction conditions.  
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Figure C-5. Apparent first-order rate constant as a function of reaction temperature for the 
photocatalytic reduction of selenate in SMIB with inset Arrhenius plot. 
 
Figure C-6. Nitrate, sulfate and dissolved organic carbon concentrations during the 
photocatalytic reduction of selenate in SMIB. Reaction conditions: 0.2 g L-1 TiO2, pH 4.5, 300 
mg L-1 formic acid and 37°C. 
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Response Surface Analysis 1 
Table C-2. Central composite design, experimental results, fitted values and residuals for the response surface study of the apparent 2 


















Residual, )(  *% *+ *%+ *++ *%*+ 
1 -1 -1 1 1 1 0.991 0.746 0.245 0.120 
2 1 -1 1 1 -1 5.179 4.844 0.336 0.164 
3 -1 1 1 1 -1 1.575 1.341 0.234 0.114 
4 1 1 1 1 1 7.004 6.680 0.324 0.159 
5 -1.389 0 1.929 0 0 0.957 2.204 -1.247 -0.611 
6 1.389 0 1.929 0 0 7.457 7.822 -0.365 -0.179 
7 0 -1.413 0 1.996 0 1.173 1.461 -0.288 -0.141 
8 0 1.413 0 1.996 0 2.906 3.179 -0.273 -0.134 
9 0 0 0 0 0 4.890 4.641 0.250 0.122 
10 0 0 0 0 0 7.422 4.641 2.782 1.363 
11 0 0 0 0 0 3.356 4.641 -1.285 -0.630 
12 0 0 0 0 0 2.895 4.641 -1.746 -0.855 
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Table C-3. Analysis of variance for the response surface study of the apparent first-order reaction 6 
rate constant (Type III partial sum of squares). Factor coding corresponds to Table 5-1 in the 7 








Squares F-Value p-Value 
Regression 55.830 5 11.166 5.091 0.0362* 
!" 51.865 1 51.865 23.649 0.0028* 
!# 11.092 1 11.092 5.058 0.0655 
!"# 7.208 1 7.208 3.287 0.1198 
!## 8.983 1 8.983 4.096 0.0894 
!"!# 8.526 1 8.526 3.887 0.0961 
Residual 13.159 6 2.193   
    Lack of Fit 0.658 4 0.164 0.075 0.9872 
    Pure Error 12.501 2 6.251   
Total 69.488 11 6.317   
*Statistically significant (p < 0.05) 9 
 10 
Figure C-7. (a) Half-normal probability plot of residuals, (b) residual plot and (c) predicted vs 11 
actual apparent first-order rate constants for the response surface regression. 12 
  13 
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Table C-4. Central composite design, experimental results, fitted values and residuals for the response surface study of the solid 14 
elemental Se selectivity with 4 center point replicates. Factor and level coding corresponds to Table 5-1 in the main manuscript. 15 
Run 
Factor Levels Selectivity to Se0(s) 












Residual, ;:  <= <' <=' <'' <=<' 
1 -1 -1 1 1 1 0.832 0.883 -0.051 -0.438 
2 1 -1 1 1 -1 0.069 0.050 0.019 0.163 
3 -1 1 1 1 -1 0.966 0.894 0.071 0.611 
4 1 1 1 1 1 0.913 0.771 0.142 1.212 
5 -1.389 0 1.929 0 0 0.781 0.777 0.004 0.038 
6 1.389 0 1.929 0 0 0.018 0.113 -0.095 -0.812 
7 0 -1.413 0 1.996 0 0.641 0.600 0.041 0.354 
8 0 1.413 0 1.996 0 0.985 1.117 -0.132 -1.129 
9 0 0 0 0 0 0.436 0.574 -0.137 -1.174 
10 0 0 0 0 0 0.610 0.574 0.037 0.314 
11 0 0 0 0 0 0.713 0.574 0.139 1.189 
12 0 0 0 0 0 0.535 0.574 -0.038 -0.329 
  16 
  Appendix C 
 200 
Table C-5. Analysis of variance for the response surface study of the solid elemental Se 









Squares F-Value p-Value 
Regression 1.029 5 0.206 0.018 0.0038* 
!" 0.480 1 0.480 0.041 0.0016* 
!# 0.300 1 0.300 0.026 0.0051* 
!"# 0.137 1 0.137 0.012 0.0272* 
!## 0.158 1 0.158 0.014 0.0204* 
!"!# 0.158 1 0.158 0.014 0.0206* 
Residual 0.097 6 0.016   
    Lack of Fit 0.056 4 0.014 0.001 0.5337 
    Pure Error 0.041 2 0.020   
Total 1.125 11 0.102   
*Statistically significant (p < 0.05) 
 
 
Figure C-8. (a) Half-normal probability plot of residuals, (b) residual plot and (c) predicted vs 
actual solid elemental Se selectivity for the response surface regression. 
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Appendix D – Supplementary Information for Chapter 6 
 
Modified from the supporting information in: 
 
Holmes, A.B., Daid, K., Livera, D., and Gu, F. (in submission). Modifying Se-TiO2 
photocatalytic reduction of selenate in water using noble metal deposits (Ag, Au, Pt and Pd) to 
tune final Se product selectivity. Environment Science: Nano. 
 
D1. Photocatalytic experimental set-up 
 
Figure D-1. (a) Photograph and (b) schematic image of the batch photocatalytic reaction set-up 
for the reduction of selenium oxyanions in synthetic and real industrial FGDW. 
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D2. Noble metal deposited TiO2 
 
 
Figure D-2. Photograph presenting the various colours of the final noble metal deposited TiO2 
photocatalysts. From left to right: TiO2, Ag-TiO2, Au-TiO2, Pt-TiO2 and Pd-TiO2. 
 
Figure D-3. (a) Photocatalytic reduction of 5 mg/L (as Se) sodium selenate in MilliQ over 
varying concentrations of silver deposited on TiO2 and (b) Photocatalytic reduction of 5 mg/L (as 
Se) sodium selenate in MilliQ over calcined and uncalcined samples of 1 wt% Ag-TiO2. 
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Figure D-4. High resolution transmission electron microscopy (HR-TEM) with electron energy 
loss spectroscopy (EELS) for three separate locations on the TEM grid prepared with Se 
deposited onto TiO2 after 1.0 photons × 10"' cm-2 of UV exposure. (a-d, e-h, i-l) HR-TEM, 
EELS O imaging, EELS Ti Imaging, EELS Se imaging, for location 1, 2 and 3 respectively and 
(m-o) EELS line scans for location 1, 2 and 3 respectively. 
 
D3. O2•¯ / •HO2 Radical Experiments 
Experiments were conducted to reveal the variations in hydroperoxyl generation rate with 
the varying noble metal deposited TiO2 samples. Dihydroethidium (DHE) at a concentration of 
5×10-5 M was used to quantitatively detect superoxide (and consequently hydroperoxyl) radical 
(O2•¯ / •HO2) generated by the TiO2 photoreduction system. Unless otherwise stated, a 0.08 M 
DHE stock solution in DMSO was used and stored in the dark at –20°C for at most 2 days.  
Superoxide concentrations were indirectly determined by monitoring the increase in fluorescence 
intensity at 580 nm (ex. 480 nm), attributed to the formation of the superoxide-specific product 
2-hydroxyethidium, at set time intervals (Chen et al., 2013; Fink et al., 2004; Peshavariya et al., 
2007; Zhao et al., 2003). When superoxide dismutase (SOD) was used, it was added prior to the 
dark adsorption period and the aforementioned DHE procedure was conducted without further 
modifications. Fluorescence spectra were recorded on a Photon Technology International QM-
4SE fluorimeter and were smoothed using Origin Pro by removing Fourier components with 
frequencies higher than a particular cut-off frequency prior to integration of the area under the 
emission peak. A calibration curve for 2-hydroxyethidium was generated by reacting known 
amounts of DHE with potassium nitrosodisulfonate (Fremy’s Salt), which has been demonstrated 
to yield the same superoxide-specific oxidation product (Laurindo et al., 2008; Zielonka et al., 
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2005). The previously mentioned procedure for photoreduction experiments was adapted for this 
probe molecule, with DHE replacing selenium. Contrary to previous investigations where DHE 
was added immediately after stopping illumination (Thabet et al., 2014), it was necessary to have 
DHE present during illumination because the half-life of superoxide and disproportionation of 
hydroperoxyl are significantly lower at low pH compared to alkaline conditions (Hayyan et al., 
2016). 
  
 
